UNCLASSIFIED 


AD  NUMBER 


AD824865 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors;  Test  and 
Evaluation;  Nov  1967.  Other  requests  shall 
be  referred  to  the  Air  Force  Flight 
Dynamics  Laboratory,  Attn:  FDD, 

Wright -Patterson  AFB,  OH  45433. 


AUTHORITY 


AFFDL,  per  ltr,  31  May  1973 


THIS  PAGE  IS  UNCLASSIFIED 


AFFDL-TR-67-123 
VOLUME  I 


ifS 

CD  PROJECT  HICAT 

GO  AN  INVESTIGATION  OF  HIGH  ALTITUDE 
<^/  CLEAR  AIR  TURBULENCE 

CO 

^  WALTER  M.  CROOKS,  FREDERIC  M.  HOBLIT,  DAVID  T.  PROPHET,  et  al 

LOCKHEED-CALIFORNIA  COMPANY 


TECHNICAL  REPORT  AFFDL-TR-67-123 
VOLUME  I 


NOVEMBER  1967 


n  r 


it' 


JAN  1 0  B68 
llijLULbll  Li  Lb 

c 


Ill" 


This  document  Is  subject  to  special  export  controls  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  AFFDL  ( FDTE ) ,  WrAFB,  Ohio. 


AIR  FORCE  FLIGHT  DYNAMICS  LABORATORY 
RESEARCH  AND  TECHNOLOGY  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO 


NOTICE 


V/hen  Government  drawings,  speolfioatlons,  or  other  data  are  used  for  any  purpose 
other  than  in  commotion  with  a  definitely  related  Government  procurement  operation, 
the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoever;  and  the  faot  that  the  Government  may  have  formulated,  furnished,  or  in 
any  way  supplied  the  said  drawings,  speolfioatlons,  or  other  data,  is  not  to  be  regarded 
by  implication  or  otherwise  as  in  any  manner  lioenslng  the  holder  or  any  other  person 
or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  invention  that  may  in  any  way  be  related  thereto. 


AGO  iitilii .  I'  ( 


orsri  white  section  □  ,, 

im  stiff  section 

ItMliHOl/IWJ  □ 

JtlSli.  IQ.iTIUH . 


IY  . 

BUTWIllTION/AYAlUIlLlfY  ODDES 

DIIT.  I  AVAIL,  and/or  fftC! 


Copies  of  this  rsport  should  not  be  returned  unless  return  is  required  by  security 
considerations,  oontraotual  obligations,  or  notice  on  a  specific  document. 


300  -  Juutry  1967  -  C04B5  -  18 "385 


PROJECT  HICAT 

AN  INVESTIGATION  OF  HIGH  ALTITUDE 
CLEAR  AIR  TURBULENCE 


WALTER  M.  CROOKS ,  FREDERIC  M.  UOBLIT,  DAVID  T.  PROPHET,  et  al 


VOLUME  I 


Thli  document  li  lubject  to  i  pedal  export  contrail  and  each  transmittal 
to  foreign  government*  or  foreign  nationals  may  be  made  only  with  pr  ior 
approval  of  AFFDL  (FDTE),  WPAFB,  Ohio. 


FOREWORD 


This  report  was  prepared  by  the  Lockheed-California  Company,  Burbank, 
California,  for  the  Air  Force  Flight  Dynamics  Laboratory,  Wright -Patter son 
Air  Force  Base,  Ohio,  under  Contract  AF33(657)-111**3.  The  contract  was  for 
"Redirection  and  Addition  of  Effort  to  the  Maintenance  of  Instrumentation 
and  Equipment  for  Collection  of  High  Altitude  Clear  Air  Turbulence  Data" , 
Project  No.  1469.  Turbulence  research  is  presently  being  conducted  by  the 
Air  Force  Flight  Dynamics  Laboratory  under  the  ALLCAT  Program,  ADP  682E. 

The  Lockheed-California  Company  report  number  is  LR  20771,  dated  10  July  1967. 
This  report  covers  work  conducted  from  12  February  1965  through  10  July  1967. 

Air  Force  Flight  Dynamics  Laboratory  management  responsibility  was  under  the 
ALLCAT  Program  Director,  Mr.  E.  Brazier,  with  Mr.  N.  V.  Loving  as  the 
Technical  Coordinator.  Initially  the  Air  Force  Project  Engineer  was 
Mr.  N,  V.  Loving;  Mr.  J.  P.  Boone  later  assumed  responsibility  for  the  Project. 
The  Lockheed-California  Company  Program  Manager  was  Mr.  C.  B.  Fabian  with 
Mr.  W.  M.  Crooks  as  the  Technical  Leader. 

All  HICAT  aircraft  operations  and  field  team  logistics  support  were  under  the 
direction  of  Lt  Col  J.  J.  King,  USAF,  Air  Force  Flight  TeBt  Center,  VSTOL 
Branch  Flight  Operations,  Edwards  Air  Force  Base,  California. 

Special  acknowledgements  are  due  to  the  New  Zealand  Meteorological  Services  at 
Wellington  and  the  Christchurch  personnel  who  developed  the  local  forecasts, 
and  in  Australia,  the  Australian  Bureau  of  Meteorology.  Particular  thanks  are 
due  Mr.  Anthony  Powell  of  the  Australian  Bureau  of  Meteorology  who  prepared 
the  high  altitude  forecasts  and  the  flight  plans,  and  to  Mr.  C.  K.  Rider 
of  the  Structures Division  of  the  Australian  Aeronautical  Research  Laboratories 
who  helped  analyze  the  meteorological  data  in  Australia. 

Acknowledgement  is  made  for  the  valuable.'  assistance  of  the  following  Lockheed- 
California  Company  personnel:  Mr.  R.  E.  Storey,  data  analysis;  Messrs. 

D.  W.  Thompson  and  P.  L.  Underwood,  field  team  operation;  Messrs.  R.  H.  Cook, 

H.  J.  Call,  and  R.  C.  Quist,  Instrumentation;  Messrs.  R.  D.  Baker, 

E.  A.  Qoulette,  and  P.  J.  Tersigni ,  data  processing;  Messrs.  0.  E.  Abrahms  and 
W.  W.  Hildreth,  meteorology;  and  Mr.  R.  P.  Bowl,  editor. 

This  report  consists  of  three  volumes.  Volume  1  contains  the  main  body  of  the 
report  plus  Appendix  1,  HICAT  Test  Summary,  Appendix  II,  Instrumentation 
Syatam,  Appendix  III,  Data  Processing,  and  Appendix  IV,  Derivation  of  Gust 
Velocity  Equations.  Volume  II  contains  Appendix  V,  HICAT  Flight  Test  Log, 
Appendix  VI,  Time  Histories,  Appendix  VII,  Oust  Velocity  Power  Spectra,  and 


ii 


r 


ABSTRACT 

This  report  describes  the  high  altitude  .clear  air  turbulence  (H1CAT) 
flight  investigat ion  with  primary  emphasis  upon  the  results  achieved 
Blnoe  15  February  1965*  On  this  date  the  program  was  redirected  to 
*  new  digital  instrumentation  system  for  the  measurement  of 
CAT  in  the  wavelength  range  from  about  100  feet  to  60,000  feet.  The  i 

program  effort  required  the  measurement  of  CAT  velocity  components  at  1 

altitudes  of  h5»0C0  to  70,000  feet  in  seven  geographic  areas. 

Instrumentation  carried  aboard  the  HICAT  aircraft,  an  Air  Force  U-2, 
consisted  o 1  a  PCM  System,  an  Inertial  Navigation  System,  aerodynamic 
and  aircraft,  response  sensors  including  a  fixed  vane  gust  probe, 
oscillograph  reaorder,  and  a  digital  magnetic  tape  recorder. 

The  program  objective  is  to  detemine  the  statistical  characteristics 
of  high  altitude  CAT  so  an  to  improve  structural, doBign  criteria. 

Overall,  29.2  hours  of  high  altitude  CAT  were  located  and  recorded  in 
flights  covering  over  256,000  miles  from  bases  in  California, 

Massachusetts,  Alaska,  Hawaii,  Puerto  Rico,  New  Zealand,  and 
-Australia.  Actual  vertical,  lateral,  and  longitudinal  gust  velocity 
time  histories  have  been  calculated  from  the  measurements  and  used 
to  obtain  gust  velocity  power  spectra.  Derived  equivalent  gust 
velocities  were  also  calculated  and  peak  counted.  Meteorological 
factors  were  considered  in  categorizing  and  con-elating  data.  Time 
histories  and  power  Bpectra  are  found  in  Volume  II  of  this  report, 
while  meteorological  data  and  flight  track  mapB  are  included  in 
Volume  III. 

Distribution  of  this  abBti-aot  is  unlimited. 
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SYMBOLS 


Longitudinal  acceleration  in  aircraft  axes  (ft/sec  );  positive 
forward. 

Lateral  acceleration  in  aircraft  axes  (ft/sec);  positive  to 
the  right. 

2 

Normal  acceleration  in  aircraft  axes  (ft/sec  );  positive  upward. 

p 

Vertical  acceleration  in  aircraft  axes  (ft/sec  );  positive 
upward. 

Aircraft  longitudinal  acceleration  in  the  horizontal  plane 
(ft/sec2);  positive  forward. 

Aircraft  lateral  acceleration  in  the  horizontal  plane  (ft/sec  ); 
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Wing  lift  curve  slope  (1/rad). 

Alpha- vane  rate-of-change  of  normal  force  coefficient  with  angle- 
of-attaqk  (l/rad) . 

Beta-vana  rate-of-ohange  of  normal  force  coefficient  with  aide- 
Blip  angle  (l/rad). 

Cyclia  frequency  (cycles/sec) . 

Numerical  filtering  cutoff  frequency  (cycles/sec) . 

Sampling  frequency  “  l.&t  (sampleB/sec) . 

Numerical  filtering  termination  frequency  (cycles/sec). 
Probability  distribution  function. 

Vane  inertial  force  (lb). 


Vane  normal  force  (lb). 

Measured  alpha-vane  normal  force  (lb);  positive  up. 


xiv 


SYMBOLS 


g 

g(  ) 
G(  ) 
h(t) 
H(f ) 
H»(f) 


pc 


pn 


*b 

K 

g 

L 


M. 


M, 


T 

N(  ) 


I) 

P 

a 

P 

s 


Measured  beta- vane  normal  force  (lb)i  positive  to  the  left, 

Acceleration-of -gravity  (ft/sec  ). 

Statistical  frequency  of  occurrence. 

Statistical  frequency  of  exceedance. 

Time  domain  weighting  function  of  numerical  filter  (1/sec). 
Transfer  function  designed  for  numerical  filter. 

Transfer  function  of  numerical  filtering  weightB , 

Corrected  pressure  altitude  (ft). 

Indicated  pressure  altitude  (ft). 

Degrees  of  freedom. 

2 

Fuselage  flexibility  factor  (rsd/ft/sec  ). 

Oust  alleviation  factor  ■  . 88  |u g/ (5.3  +  ^g). 

ScalO  of  turbulence  (ft). 

Raw  power  spectral  estimates . 

Moment  arm  from  guut  probe  to  accelerometer  location  (ft). 

Dumber  of  spectral  estimates,  or  slope  of  the  power  spectral 
density  high  frequency  asymptote  on  a  log-log  plot ,  or  mass  of 

gust  sensing  vane  (lb-sec  /ft). 

Indicated  maoh  number. 

True  Mach  number. 

Frequency  of  exceedance  per  unit  time  =  G(  )/Tjj. 

Horizontal  distance  (meters). 

2 

Ambient  pressure  (lb/ft  ). 

2 

Static  pressure  (lb/ft  ). 

p 

Differential  pressure  (lb/ft  ). 
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Autocorrelation  function. 

Estimates  of  autocorrelation  function. 

Wing  area  (ft2) . 

Vane  area  ( ft2) . 

Time  (sec). 

Ambient  temperature  (deg  C) . 

Total  temperature  ( deg  C ) . 

Elapsed  time  of  a  data  run  (sec). 

Longitudinal  gust  component  in  earth  reference  axes  measured  in 
the  horizontal  plane  parallel  to  the  average  grid  heading  of  the 
aircraft  over  the  duration  of  a  run  (fps);  positive  aft. 

Lateral  gust  component  in  earth  reference  axes  measured  in  the 
horizontal  plane  and  perpendicular  to  the  average  grid  heading 
of  the  aircraft  over  the  duration  of  the  run  (fps);  positive 
to  the  left. 

Vortical  gust  component  in  earth  reference  axes  measured  perpendi¬ 
cular  to  the  horizontal  plane  (fps);  positive  upward. 

Derived  equivalent  gust  velocity  (fps);  positive  Upward. 

Wind  velocity  vector  (meters  per  second). 

Equivalent  airspeed  ( fps ) . 

CJeoatrophic  wind  velocity  vector  (meters  per  second). 

Indicated  airspeed  (fps). 

True  airspeed  (fps). 

Aircraft  grid-X-velocity  in  earth  reference  axes  (fps);  positive 
to  the  east. 

Aircraft  grid-Y-velocity  in  earth  reference  Bxea  (fpu);  positive 
to  the  north. 


SYMBOLS 


W 

w1(r) 

wB(f) 

WT(f) 


a 

P 

Y 


6 


E 


A 


At 

V 

'id 


n 


e 

0 

\ 

A 


Numerical  filtering  weights. 

Aircraft  weight  (it). 

Transfer  function  of  ideal  integration  ■  1/2  rtf. 

Transfer  function  of  Simpson' b  one-third  rule  integration. 
Transfer  function  of  trapezoidal  rule  integration. 

Height  (meters) 

Angle-of-attaok  (rad);  positive  for  relative  wind  upward. 

Sideslip  angle  (rad);  positive  for  relative  wind  from  the  right. 

Inclination  with  reapect  to  the  horizontal  of  the  instantaneous 
relative  wind  (rad). 

Elevator  angle  (deg). 

Altitude  static  position  error  correction  (ft). 

Mach  number  static  position  error  correction. 

Incremental  value.  When  used  for  time  series  data,  increments 
are  with  respect  to  mean  or  linear  trend  of  data. 

Sampling  intei  .’ai  (sec.) 

'.aplacian  operator, 

Error  resulting  from  instrumentation  resolution  (ft/Bec)  where 
1  refers  to  the  gust  velocity  component  and  J  refers  to  eaah 
terra  in  the  fiist-order  gust  velocity  equations. 

Wind  direction  angle  (deg);  clockwise  from  north  to  the  direction 
the  wind  is  blowing. 

Aircraft  pitch  angle  (rad);  positive  nose  up. 

Aircraft  pitch  angle  measured  by  inertial  platform  (rad); 
positive  nose  up. 

Aircraft  pitch  rate  (rad/sec). 

Turbulence  wavelength  (ft). 

Aircraft  heading  angle  (rad);  clockwise  from  north. 
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SYMBOLS 


P 

Po 


Or 


♦m 

t 

♦ 

«(  ) 

4>h 

$ 

♦ 

* 


w 

« 


Aircraft  mass  ratio  -  2VJ/pg  CT  a  S. 

,  L0 

Air  density  (lb-sec2/  ft  ; . 

n  |» 

Air  density  at  sea  lavel  (lb-sec  /ft  ) . 

Air  density  ratio,  p /pQ • 

Standard  root-mean- square  deviation, 

Standard  deviation  of  any  gust  velocity  component,  w.  (ft/sea). 
Standard  deviation  of  y  (ft/sec). 

Time  lag  (sec).. 

Aircraft  roll  angle  (rad);  positive  right  wing  down. 

Aircraft  roll  angle  measured  by  inertial  platform  (rad)t 
positive  right  wing  down, 

Aircraft  roll  rate  (rad/sec). 

Power  speatral  function. 

Power  spectral  estimates. 

Ories-spectral  estimates, 

Airaraft  yaw  angle  (rad);  positive  noBe  right. 

Aircraft  yaw  rate  (rad/s'sc). 

Angular  frequency  (rad/cec). 

Reduced  frequency  ■  2ir/\  (rad/ft). 

A  bar  over  a  symbol  indicates  a  mean  value. 

A  caret  over  a  symbol  indicates  that  a  filtering  transformation 
haB  been  performed. 
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SECTION  1 
INTRODUCTION 


BACKGROUND 

A  distinguishing  characteristic  of  advanced  flight  vehicles  is  the  increased 
size  of  their  operating  envelope  in  terms  of  speed  and  altitude.  Optimum 
design  of  such  a  vehicle  is  essential  and  requires  detailed  knowledge  of  the 
Intended  operating  environment. 

Sometime  before  19^2  the  Air  Force  Flight  Dynamics  Laboratory  recognized  the 
need  for  better  definition  of  the  atmospheric  turbulence  environment,  particu¬ 
larly  for  altitudes  above  5°t000  feet  (Reference  1).  Information  available 
then  was  derived  almc.it  entirely  from  NASA  VORl  recordings  acquired  during 
192  U-2  flights  in  five  world  areas  (Reference  2).  These  flights  were  made 
for  purposes  not  directly  related  to  atmospheric  turbulence  or  the  penetration 
of  turbulence.  Only  about  half  of  the  data  from  theBe  flights  or  approximately 
5-1/2  hours  were  for  turbulence  above  50,000  feet. 

The  Air  Force  realized  the  dahger  of  relying  solely  on  the  acceleration 
response  of  the  U-2  aircraft  as  a  measure  of  turbulence  at  high  altitudes , 

A  supersonic  or  hypersonic)  vehicle  of  possibly  radical  configuration,  flying 
four  to  ten  (or  more)  times  the  speed  of  the  U-2,  will  obviously  have  a 
somewhat  different  response  to  turbulence  than  the  U-2.  An  aircraft  flying  at 
these  high  apeeds  would  be  affected  much  more  by  longer  turbulence  wavelengths 
and  Ibbb  by  the  shorter  wavelengths  than  the  relatively  slow  flying  U-2.  For 
these  reasons,  the  Air  Foroe  initiated  a  program  to  measure  high  altitude  clear 
air  turbulence  (HICAT)  at  altitudes  above  *<5,000  feet  in  several  areas  of  the 
world.  The  principal  objective  of  the  program  was  to  statistically  define 
the  characteristics  of  high  altitude  CAT  so  as  to  improve  structural  design 
criteria.  To  accomplish  thiB  result,  an  Air  Force  U-2  was  to  be  instrumented 
so  thut  true  gust  velocity  components  encountered  along  the  ai-craft  flight 
path  could  be  determined. 

Lockheed  waB  directed  to  install  and  maintain  the  turbulence  meauuring  instru¬ 
mentation  in  the  U-2  ub  well  as  to  process  and  analyze  tie  data.  In  this  joint 
effort,  the  Air  Force  waB  to  supply  the  instrumentation,  meintain  and  fly  the 
HICAT  aircraft,  and  provide  overall  direction  of  the  program.  Under  a  separate 
contract  (Reference  3)  Lockheed  was  directed  to  utilize  the  data  gathered  in 
the  flight  program  to  develop  a  statistical  model  of  high  altitude  CAT.  The 
model  would  then  provide  meteorologists  with  a  basis  for  the  prediction  of 
atmospheric  regions  of  turbulent  flow. 


''"Aircraft  velocity,  cantar-of-grnvity  aucelorutiou,  and  altitude 
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HI CAT  PROORAM  HISTORY 

Most  of  the  aircraft  instrumentation  for  the  firRt  phase  of  the  program  wsb 
provided  off-the-shelf  from  Air  Force  inventory  in  order  to  keep  within  the 
modest  HICAT  budget.  In  many  instances  standard  instruments  were  supplied  which 
were  not  particularly  intended  for  turbulence  research.  This  first  HICAT  instru¬ 
mentation  system  was  designed  so  that  the  analog  BignalB  from  the  aenBors  modu¬ 
lated  the  output  of  strain  controlled  oscillators  to  produce  frequency  modulated 
signals.  The  fin  signals  were  then  recorded  on  board  the  aircraft  with  a  mag¬ 
netic  tape  recorder. 

Installation  of  the  instrumentation  was  begun  at  Edwards  AFB  in  March  1963  and 
completed  in  February  1964.  During  about  Q  months  of  this  period  the  aircraft 
waa  required  for  a  higher  priority  Air  Force  program  and  wbb  not  available  for 
instrumentation  work.  During  this  time,  it  was  established  that  the  differen¬ 
tial  pressure-type  gust  probe  supplied  to  the  program  was  inoperative  and 
unrepairable.  This  probe  (a  low  altitude  device  originally  used  in  the  B-66B 
program,  Reference  4)  was  intended  for  interim  use  only  until  a  more  sensitive 
probe  could  be  purchased.  However,  a  new  differential  pressure  probe  could 
not  be  built  to  meet  the  requirements  for  high  altitude  gust  measurements 
because  appropriate  1  pal  pressure  transducers  were  unavailable. 

Consequently,  at  the  request  of  the  Air  Force,  Lockheed  designed  and  built 
a  high  altitude  gust  sensor.  The  senaor  design  vaB  based  upon  the  fixed  vane 
principle  which  had  been  utilized  successfully  in  a  prior  investigation  of  tail 
buffeting  turbulence  on  the  USN  P-3A  patrol  bomber.  Fortunately,  it  was  pos¬ 
sible  to  adapt  the  fixed  vane  gust  sensors  to  the  noBe  boom  previously  fabrip 
cated  for  the  differential  pressure  probe. 

The  first  HICAT  checkout  flight  occurred  on  20  February  1964  and  the  first 
HICAT  search  on  3  April  1964.  In  the  period  ending  15  July  1964,  18  HICAT 
search  flights  were  completed,  5  from  Edwards  Air  Force  Base,  California,  4 
from  Patrick  Air  Force  Base,  Florida,  and  9  from  Ramey  Air  Force  Base,  Puerto 
Rico.  In  this  initial  phase  of  the  program,  the  HICAT  aircraft  had  to  be 
shared  on  a  dny-to-day  basis  with  other  higher  priority  Air  Force  programs. 

For  this  reason,  the  flights  only  occasionally  coincided  with  optimum  turbulence 
forecasts.  Nevertheless,  about  6  hours  of  high  altitude  CAT  of  predominately 
ligiit-to-moderate  intensity  was  encountered  on  these  flights.  Turbulence  in 
the  wavelength  range  from  60  to  2500  feet  was  located'  an  recorded  approximately 

14  percent  of  the  time  at  altitudes  above  50,000  feet.  Complete  documentation 
of  this  phase  of  the  TICAT  program  is  presented  in  Reference  5* 

Recognizing  the  need  for  better  instrumentation  to  obtain  longer  wavelength 
measurements ,  the  Air  Force  redirected  and  extended  the  HICAT  program  on 

15  February  1965.  The  redirection  required  installation  of  a  new  digital 
instrumentation  system  capable  of  measuring  turbul mce  waves  up  to  60,000  feet 
in  length.  Firnt  flight  with  the  new  instrumentation  occurred  8  October  1965 
at  Edwards  Air  Force  Base.  After  several  check  flights,  high  altitude  CAT 
search  flights  were  resumed  on  16  November  1965,  and  continued  under  the  pres¬ 
ent  contract  until  IT  February  1967-  During  this  period,  114  high  CAT  search 
flights  were  performed  along  with  32  incidental  flights.  Over  29  hours  of 
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CAT  were  recorded  in  the  operations  conducted  from  bases  in  Hawaii,  Hew  Zealand, 
Australia,  Puerto  Hico,  Alaska,  California,  and  Massachusetts .  Tints  redirected 
phase  of  the  HICAT  program  is  the  subject  of  the  present  report. 

On  13  March  1967,  the  H1CAT  program  wac  again  extended,  this  time  under  a  new 
Air  Foroe  contract  (Reference  6) .  In  this  extension  the  HICAT  searah  flights 
will  be  continued  from  new  bases  in  Oreat  Britain,  Louisiana,  Maine,  Panama, 
Florida,  the  Mediterranean  area,  and  the  Okinawa  area.  The  new  contract  pro¬ 
vides  for  more  extensive  and  detailed  analysis  than  was  possible  under  the 
present  contract.  The  analysis  undertaken  in  connection  with  the  new  contraat 
will,  of  oourse,  consider  the  data  presented  in  thiB  report  as  well  as  the  new 
data. 
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SECTION  II 

INSTRUMENTATION  SYSTEM 


The  primary  airborne  data  acquisition  system  is  a  digital  pulse  aode  modulation 
(PCM)  system.  The  system  accepts  both  analog  and  digital  data  signals  from 
various  remote  sources  in  the  test  airoraft  and  processes  them  into  a  digital 
format  at  25  samples  per  second.  Data  from  this  system  is  recorded  on  1-inoh 
magnetic  tape  in  a  parallel  format  which  comprises  10  data  bits,  one  parity 
bit,  and  one  synchronizing  clock  bit.  The  enalog  data  signals  iure  also 
recorded  concurrently  in  analog  form  on  on  oscillograph  for  purposes  of  quick- 
look  analysis  and  data  sensor  performance  evaluation  after  eaah  flight.  These 
data  signals  are  supplied  to  the  oscillograph  following  the  low-paae  presample 
filterii.g  that  takes  place  within  the  PCM  system.  The  major  components  of  the 
instrumentation  system  are  housed  in  the  aircraft  Q-bay  Just  behind  the  pilot. 
The  basic  HICAT  instrumentation  list  is  shown  in  Table  X. 

Analog  data  signals  are  routed  to  the  PCM  system  from  a  variety  of  sensors 
located  throughout  the  test  aircraft.  A  gust  probe  designed  specifically  for 
the  purpose  provides  measurement  of  airspeed  and  gust  forces.  An  Inertial 
navigation  system  provides  information  on  aircraft  attitude,  acceleration, 
velocity,  and  horizontal  displacement.  Additional  acceleration,  temperature, 
angular  rate,  altitude,  and  control  surface  position  information  is  supplied 
from  other  sensors  appropriately  looated  throughout  the  aircraft.  Each  analog 
signal  is  conditioned  to  a  0-  to  +5 -volt  level  prior  to  entry  into  the  POM 
system.  Signal  conditioning  equipment  includes  attenuation  networks,  dc  ampli¬ 
fiers,  and  phase  sensitive  demodulators.  The  PCM  system  also  aoaommodates 
five  channels  of  external  digital  information  which  is  entered  directly  into 
the  system  through  switch  closures  on  the  pilot's  oontrol  panel  and  other 
remote  locations . 

The  digital  magnetic  tape  generated  in  the  airborne  system  is  subsequently  pro¬ 
cessed  through  a  PCM  ground  station.  This  equipment  decommutates  the  time- 
multiplexed  data  and  makes  it  available  to  a  buffer- formatter  which  assembles 
the  data  into  a  preprogrammed  computer-compatible  format.  Under  control  of 
the  formatter,  an  output  tape  deck  generates  a  gapped- format  magnetic  tape 
which  is  then  processed  through  digital  computing  equipment.  The  ground 
station  oIbo  provides  for  limited  visual  display  and  digital-to-analog 
conversion  of  selscted  data  channels.  The  airborne  oscillograms  are  used 
as  editing  aids  preparatory  to  ground  station  processing. 

Details  of  the  airborne,  ground  station,  and  field  checkout  systems  are  pre¬ 
sented  in  Appendix  II. 
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TABLE  I,  HICAT  T NfiTRUMENTATI ON  LIST 


Measurement 

Alpha  -  Vane  normal  force 
Bata  -  Vane  lateral  force 
Probe  normal  acceleration 
Probe  lateral  acceleration 
00  normal  acceleration 
CO  lateral  acceleration 
CO  longitudinal  acceleration 
Left  wing  nodal  acceleration 
Right  wing  nodal  acceleration 
Indicated  airspeed 
Coarse  altitude 
Fine  altitude 
Vernier  altitude 
Total  temperature 
Pitch  rate 
Roll  rate. 

Yav  rate 

Left  aileron  position 
Elevator  position 
Rudder  position 
Fuel  counter 
Pitch  angle 
Roll  angle 
Heading  sine 
Heading  cosine 
Vertical  acceleration 
X  velocity 

Y  velocity 
X  distance 

Y  distance 

A1  radiation  count 
Bi  radiation  count 
To  radiation  count 


Data  Source 

Vane  -  gust  probe 
Vane  -  gust  probe 
Accelerometer  -  gust  probe 
Accelerometer  -  gust  probe 
Accelerometer  -  FS  1408 
Accelerometer  -  FS  Uo8 
Accelerometer  -  FS  4o8 
Accelerometer  -  left  wing 
Accelerometer  -  right  wing 
A  pressure  sensor  -  probe 
Pressure  sensor  -  nose 
Pressure  sensor  -  nose 
A  Pressure  senBor  -  nose 
Temperature  sensor  -  nose 
Gyro  -  nose 
Oyro  -  noee 
Gyro  -  nose 

Potentiometer  -  left  wing 
Potentiometer  -  tail 
Potentiometer  -  tail 
Flowmeter  and  counter  -  fuselage 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
Stable  platform  -  Q-bay 
SPARMO  system  -  Q-bay 
SPARMO  system  -  Q-bay 
SPARMO  system  -  Q-bay 
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SECTION  III 
DATA  ACQUISITION 

HICAT  BASES  OF  OPERATION 

The  data  acquisition  phase  of  the  HICAT  program  was  designed  to  obtain  CAT 
search  flights  in  various  areas  of  the  world  over  all  types  of  terrain.  When¬ 
ever  possible  the  optimum  season  for  high  altitude  CAT  in  a  particular  region 
was  selected  on  the  basis  of  the  beat  available  meteorological  opinion.  The 
actual  selection  of  a  particular  base  of  operation  was  made  by  the  Air  Force 
consistent  with  the  requirements  for  U-2  operations.  In  the  current  program 
HICAT  searches  have  been  conducted  from  the  following  bases: 

•  Edwards  Air  Force  Base,  Edwards,  California,  U.S.A. 

•  Hickam  Air  Force  Base,  Honolulu,  Hawaii,  U.S.A. 

•  Christchurch  International  Airport,  Christchurch,  New  Zealand 

•  Royal  Australian  Air  Force  Base,  Laverton,  Victoria,  Australia 

•  Hans  com  Field,  Bedford,  Massachusetts,  U.S.A. 

•  Ramey  Air  Force  Base,  Aquadilla,  Puerto  Rico,  U.S.A. 

a  Elmendorf  Air  Force  Bass,  Anchorage,  Alaska,  U.S.A. 

The  schedule  of  HICAT  operations  is  shown  in  Figure  1.  Note  that  approximately 
a  month  or  more  of  search  flight  operations  was  carried  out  at  each  base. 

HICAT  PHOTS 

The  U-2  HICAT  flights  were  performed  by  Edwards  Air  Force  Flight  Test  Center 
V/'STOL  Operations  Branch  pilots  under  the  command  of  Lt.  Col,  James  J.  King. 
Pilots  flying  HICAT  missions  in  addition  to  Lt.  Col.  King  were  the  following: 
Majors  W.  H.  Shawier,  F.  J.  Cuthill,  C,  Roeburg,  and  A.  P.  Johnson  together 
with  Captains  R.  B.  Lowell,  F.  J.  Dnvey,  and  T,  H.  Smith.  Major  Rosburg 
also  flow  B-U7  support  missions  in  New  Zeeland, 

HICAT  FLIGHT  SCHEEULINO 

When  the  program  began,  it  wat  thought  that  HICAT  flights  would  be  made  at 
optimum  times  during  the  day  as  determined  by  a  meteorologist  or  a  forecaster. 
The  realities  of  remote  flight  test  operations  and  the  limitations  of 
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Figure  1.  Schedule  of  HXCAT  Operations 
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meteorological  forecasts  resulted  in  some  practical  compromises.  Aircraft, 
instrumentation,  and  weather  permitting,  flights  were  scheduled  Monday  through 
Friday  as  long  as  tvo  or  more  pilots  were  available.  (When  only  one  pilot  was 
available,  as  was  the  case  in  Australia,  only  three  flights  a  week  were  planned.) 
Normally,  HICAT  flights  were  scheduled  only  during  daytime  hours  with  the 
takeoff  at  about  10  AM  local  tima . 

HICAT  FLIGHT  PROCEDURES 

On  a  day  of  a  flight,  a  flight  plan  was  prepared,  based  upon  a  CAT  forecast 
derived  from  the  most  recent  weather  observations.  The  pilot  was  then  briefed 
on  the  high  altitude  CAT  conditions  predicted  en  route  and  any  special  flight 
tests  to  be  performed. 

If  the  flight  was  to  be  over  water  arid  more  than  200  miles  from  land,  an 
additional  aircraft  was  required  to  patrol  the  search  area  to  provide  navi¬ 
gational  aid  and  air  rescue  suppox't.  A  B-h?  Jet  was  used  for  this  purpose  in 
New  Zealand  and  a  C-97  Air  Rescue  transport  in  Puerto  Rico  and  Alaska. 

The  flights  usually  began  about  midmorning  as  mentioned  above  and  were  of  three 
to  six  hours  duration.  The  instrumentation  was  operated  continuously  through¬ 
out  the  flight.  The  aircraft  normally  began  the  CAT  searches  at  an  altitude  of 
about  50,000  feet.  If  no  turbulence  was  encountered,  the  aircraft  alternately 
climbed  and  descended  in  the  altitude  range  above  50,000  feet  while  an  route. 

If  significant  CAT  was  encountered,  fairly  level  straight  runs  wfere  made  through 
the  turbulence.  During  these  runs,  the  autopilot  was  turned  off  and  control 
activity  minimized.  In  order  to  define  the  CAT  area  a  douDle  X-pattcrn  was 
frequently  flown  with  upwind,  crosswind,  and  downwind  legs.2  Figure. 2  illus¬ 
trates  this  pattern.  If  the  turbulence  covered  c  wide  area  and  appeared  suf¬ 
ficiently  intense,  the  pattern  was  repeated  at  another  altitude, 

CAT  intensity  was  usually  evaluated  subjectively  by  the  pilot  as  well  as  from  a 
mechanical  cockpit  accelerometer.  Pertinent  weather  observations  (i.e.,  winds, 
clouds,  etc.)  were  noted  along  with  necessary  flight  and  navigational  informa¬ 
tion.  On  most  flights  the  pilot  alBO  took  35mm  color  photographs  of  the  clouds 
(if  any)  in  the  vicinity  of  the  CAT  area. 

During  many  of  the  flights  when  the  air  was  especially  smooth,  control  pulBee 
and  smooth  symmetric  pitch  maneuvers  (roller  coasters)  were  performed.  This 
was  done  in  order  to  check  the  polarity  and  behavior  of  the  instrumentation  an 
well  as  to  check  the  efficacy  of  the  gust  velocity  determination  (See  Oust 
Velocity  Errors  in  Roller  Coaster  Maneuvers,  Section  VI ). 

At  the  end  of  a  HICAT  flight ,  the  pilot  was  debriefed  by  the  local  weather 
personnel  and  the  Lockheed  field  engineer.  These  meetings  were  tape  recorded 
for  later  evaluation  in  conjunction  with  the  meteorological  analysis. 

Also,  immediately  after  the  flight,  the  quick-look  oscillograph  record  was 
processed  and  examined.  Turbulence  penetrations  were  evaluated  as  veil  as  the 
performance  of  the  instrumentation.  Peal’,  turbulence  accelerations  were 

g 

This  pattern  was  flown  over  Mauna  Loa  on  the  is.'.and  of  Hawaii  on  moet  of  the 
flights  from  Hickam  AFB  regardless  of  the  presence  of  CAT. 
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Figure  2.  HICAT  Double-X  Pattern 


determined  at  thin  time  in  order  to  classify  the  intensity  of  the  CAT  encounter 
and  for  comparison  with  the  pilot's  notes. 

,  HICAT  BEAHCH  STATISTICS 

Ao  the  Flight  Test  Log  appearing  In  Appendix  V  shows,  146  HICAT  test  flights 
were  made  totaling  649.5  flight  hours.  Of  these  flights,  114  were  planned 
searches  for  high  altitude  CAT  and  75  of  the  lit  resulted  in  CAT  encounters 
ranging  from  light  to  moderate  severity.  In  addition,  high  CAT  was  encountered 
in  9  of  the  32  incidental  flight  tests.  The  incidental  flight  tests  or  non¬ 
search  tests  included  aircraft  check  flights ,  instrumentation  check  flights , 
and  ferry  flights.  Overall,  29.2  hours  of  high  CAT  were  recorded,  27.1  of 
them  resulting  from  planned  searches  based  upon  CAT  forecasts.  Figure  3  summarizes 
the  relative  success  of  HICAT  searches  at  each  of  the  bases  of  operation. 

The  figure  indicates  that  the  Australian  flights  encountered  the  largest  amounts 
of  CAT  and  the  Alaskan  flights  the  least. 


Track  maps  of  the  HICAT  search  flights  are  presented  in  Appendix  IX  along 
with  a  description  of  each  flight  from  the  standpoint  of  the  meteorologist 
and  the  pilot. 
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SECTION  IV 
DATA  PROCESSING 


QBNERAL 

The  purpose  of  the  Data  Processing  phase  of  the  HICAT  program  was  to  retrieve 
edited  rav  turbulehce  data  recorded  digitally  on  an  airborne  POM  magnetic  tape, 
convert  the  data  to  a  computer-compatible  format  on  the  HIOAT  POM  Ground  Sta¬ 
tion,  and  then  process  it  through  a  series  of  computer  programs  designed  to 
provide  data  for  a  statistical  analysis  of  high  altitude  clear  air  turbulence. 

Automatic  data  handling  techniques  were  essential  in  processing  the  large 
volume  of  data  required  for  the  HICAT  program.  The  total  amount  of  data 
processed  was  equivalent  to  about  2?  hours  of  turbulence.  This  required  th* 
processing  of  approximately  100  million  data  points  and  the  preparation  of 
several  thousand  plots  of  gust  velocity  time  histories  and  power  spectra.  An 
IBM  System/360  Model  50/75  computer  was  Used  to  process  the  data  and  to  perform 
the  statistical  computations.  A  0ALOOMP  automatic  plotter  with  magnetic  tape 
input  was  used  for  the  graphical  presentation  of  the  data. 

data  AoguiamoN 

Plight  test  data  were  recorded  eimultaneoUsly  on  both  a  POM  magnetic  tape  and 
an  oaaillugram.  The  POM  magnetic  tape  was  used  as  the  primary  recording 
medium  and  the  oscillogram  was  used  for  a  quick-look  evaluation  of  the  test 
data  and  the  instrumentation  system  by  the  field  team. 

After  the  post flight  evaluation,  all  of  the  test  data  including  the  quick- 
look  oscillogram,  PCM  magnetic  tape,  instrumentation  arid  flight  data  eheets, 
track  maps,  meterological  data,  pilot's  flight  log  and  pilot's  photos  were 
transmitted  to  the  HICAT  project  office  at  the  Lockheed-Oalifornia  Company 
in  Burbank,  California,  for  distribution  and  processing.  Figure  k  diagrams 
the  data  acquisition  phase  at  the  field  site. 


In  order  to  verify  the  quality  of  the  PCM  magnetic  tape  and  check  for  possible 
malfunctions  of  the  airborne  PCM  data  acquisition  system,  the  airborne  PCM  mag¬ 
netic  tape  was  played  back  through  the  PCM  ground  station  as  soon  as  it  was 
received.  The  time  recorded  on  the  tape  was  checked  by  means  of  a  translatad 
visual  display  in  terms  of  dsys ,  hours,  minutes,  and  ssconds.  Each  of  ths  data 
channels  was  given  a  rudimentary  aheak  by  means  of  a  visual  dsolreal  display. 
Fourteen  digital-to-analog  converters  on  the  ground  station  coupled  to  a 


13 


{faction  IV 


direct-write  oscillograph  recorder  could  be  used  for  further  checking  and. 
trouble  shooting*  Notice  of  any  instrumentation  system  malfunctions  discovered 
in  this  checkout  was  immediately  transmitted  back  to  the  field  team. 

Instrumentation  and  flight  data'  records  received  from  the  field  team  after 
each  flight  were  appraised  to  obtain  the  current  statue  of  the  instrumentation 
calibrations  and  configuration  prior  to  the  processing  of  any  data. 

DATA  SPITING 

Hie  airborne  osaillograph  record  was  utilised  to  Belea'ij  data  samples  for 
computer  processing.  When  the  airborne  oscillogram  Was  unsatisfactory  or 
missing,  an  oscillograph  record  v&s  generated  on  the  !PCM  ground  station  from 
the  airborne  magnetic  tape.  The  editing  process  consisted  of  the  following 
basic  stepsv 

e  Evaluation  of  instrumentation  perX’orn'snce . 

e  Selection  of  turbulence  samples  to  be  processed  and  determination  of 
their  start  and  stop  times » 

e  Determination  of  turbulence  inteneiiy  and  character. 

e  Determination  of  aircraft  attitude  and  control  motions  during  DAT 
penetrations. 

Details  of  the  editing  process  from  the  analysis  point  of  view  are  presented 
in  section  V. 

PCM  DATA  PRQCE8SIN0  GROUND  STATION 

The  results  of  the  editing  provided  turbulence  run  start  and  stop  times  for 
processing  the  selected  data  through  the  PCM  ground  station.  The  ground 
station  performed  the  following  functions i  Retrieval  of  data  from  the  air¬ 
borne  magnetic  tape,  deoommutation,  digital-to-unalog  conversion  with  analog 
display,  conversion  of  the  data  to  ooaputer-oompatibl#  foruut,  and  the  record¬ 
ing  of  reformatted  lata  onto  computer  magnetic  tape.  The  airborne  data, 
originally  reoorded  on  tape  at  1-7/h  inohei  per  second,  was  played  into  thr» 
ground  station  at  30  lnahia  per  second.  This  permitted  the  data  to  be  con¬ 
verted  at  16  times  the  re,  1-time  recording  speed.  The  output  macnetio  tape 
from  the  ground  station  is  compatible  for  input  to  the  initial  basic  data 
oomputer  program. 

A  more  detailed  description  of  tha  ground  station  it  provided  in  Appendix  II. 

COMPUTE  gigMEMISi 

Four  computer  programs  were  designed  to  process  and  analyse  the  turbulence 
data  raoorded  on  the  ground  station  output  tapes i 


r 
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e  Basic  data  program 
e  Oust  velocity  program 
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•  Statistical  analysis  program 

•  Spaatrei  analysis  program 

A  detailed  description  of  these  programs  is  included  in  Appendix  III. 

Reduction  of  the  turbulence  data  recorded  on  each  ground  station  magnetic  tape 
culminated  in  the  production  of  tvo  additional  tapes  corresponding  respectively 
to  the  first  two  programs  above;  (l)  an  intermediate  tape  containing  the  reduoed 
basic  measurement  samples  in  engineering  unite,  and  (2)  a  final  output  tape 
recording  the  reduced  measurements ,  the  computed  aerodynamic  variables,  the 
derived  equivalent  gust  velocity,  and  the  3-axes  gust  velocity  components.  The 
analysis  programs  (the  last  two  above)  were  designed  to  acoept  cither  of  the 
tvo  computer-generated  tapes  as  their  data  source. 

Figure  5  indicates  the  sequential  operations  involved  in  the  implementation 
of  the  programs  at  the  computer  system  facility. 

BASIC  DATA  REDUCTION 

The  tape  generated  by  the  ground  Btation  waB  input  to  the  basic  data  program 
to  perform  the  reduction  functions  required  for  each  measurement.  Specifically, 
the  program  read,  disassembled,  and  translated  the  packed  PCM  data  into  a 
standardised  format  configuration  in  the  computer.  The  times  associated  with 
contiguous  frames  were  monitored  to  ensure  that  the  correct  time  interval  was 
maintained.  The  measurement  aamplos  were  then  calibrated  into  engineering  units. 
A  sporadic  error  search  of  the  calibrated  data  wan  initiated  to  detect  and 
correct  the  presence  of  "wild  point"  samples.  Finally,  the  calibrated  measure¬ 
ment  simples  were  low- piss  filtered  by  applying  selected  sets  of  Martin-Graham 
numerical  filtering  weights  designed  to  pass  only  the  useful  frequency  response 
range  of  each  measurement.  A  description  of  the  derivation  and  application  of 
the  four  numerical  filters  designed  for  HICAT  data  is  given  in  Appendix  III. 

Following  execution  of  the  functions  described  above,  the  basic  data  were 
recorded  on  magnetic  tape  and  tabulated  in  continuous  time  history  listings. 

When  a  graphical  representation  was  required  for  analysis  at  this  point,  a 
plot  procram  was  introduced  to  automatically  generate  fully  annotated  time 
histories  of  the  basic  data. 

EVALUATIOH  OF  TURBULENCE  INTENSITY 

Following  a  review  of  the  basic  data  output,  the  runs  found  to  be  acceptable 
were  processed  through  xhe  statistical  analysis  program.  This  program  com¬ 
puted  the  derived-equivalent  gust  velocity  and  then  determined  the  distribution 
characteristics  of  selected  data  utilizing  two  statistical  counting  methods. 

Both  methods  are  described  in  Appendix  III  'under  Computing  Methods.  To  evaluate 
turbulence  intensity  the  distribution  characteristics  of  eg  accelerations  and 
the  derived  equivalent  gust  velocity  were  examined.  CAT  runs  of  very  low 
intensity  usually  produce  poor  spectra  and  so  normally  were  excluded  from 
further  processing. 
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QUBT  VELOCITY  COMPUTATION 

Tho  gust  velocity  prosrara  uied  the  tape  generated  by  the  basic  data  program 
to  computo  and  output  on  tape  the  following  parameters  for  the  CAT  data. 

•  Aerodynamics  variables  such  as  Ve ,  HpQ  ,  t& ,  M^, ,  etc . 
e  Derived  equivalent  gust  velocity 

•  Uncorreoted  gust  velocity  components 

•  Oust  velocity  components  corrected  for  aircraft  motion 

•  Wind  velocity 

The  computing  method  employed  to  determine  these  parameters  1b  presented  in 
Appendix  III  under  Computing  Methods. 

Simpson's  one-third  rule  was  used  to  numerically  evaluate  the  integral  terms 
in  the  gust  velocity  equationu  (see  Appendix  III,  Computing  I'ethods). 

The  gust  veloaity  program  was  designed  to  compute  the  gust  velocity  components 
by  several  alternate  methods  utilizing  various  combinations  of  measurements . 
TheHe  options  were  made  available  so  that  some  gust  velocity  components  could 
still  be  ohtainad  despite  an  instrument  malfunction. 

If  defined,  time  history  plots  of  guct  velocities  and  other  parameters 
recorded  on  the  final  data  tape  were  generated  at  thiB  time, 

POWER  SPECTRAL  COMPUTATION 

To  determine  the  statistical  characteristics  of  the  turbulehoe  data  in  the  fre¬ 
quency  domain,  selected  parameters  recorded  on  the  computer-generated  tapes 
were  processed  through  the  spectral  analysis  program.  This  program  employed 
techniques  developed  by  Tulcey  tp  numerically  evaluate  power  spectral  estimates 
as  defined  in  Appendix  III  under  Computing  Methods.  The  tabular  listings  of 
the  spectral  data  were  output  along  with  spectral  plots  automatically  generated 
during  execution  of  tne  program. 
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SECTION  V 
ANALYSIS  METHODS 


GENERAL 

The  HICAT  analysis  constitutes  one  of  the  final  steps  toward  the  objectives 
stated  in  the  Introduction,  i.e.,  to  determine  the  statistical  characteristics 
of  high  altitude  clear  air  turbulence  so  as  to  improve  the  structural  design 
criteria  for  advanced  flight  vehicles.  This  objective  means  quantifying  in 
some  meaningful  way  such  fundamental  CAT  characteristics  as  size,  height, 
intensity,  variation  of  intensity  with  wavelength,  frequency  of  occurrence, 
gust  component  variability,  scale,  and  rate  of  dissipation.  The  analysis 
methods  used  for  this  purpose  are  described  in  this  section.  They  include 
the  following: 

e  Data  editing  -  the  selection  of  CAT  samples. 

e  Turbulence  sample  length  distribution. 

e  Ouat  velocity  determination  from  flight  measurements. 

e  Derived  equivalent  gust  velocity  and  eg  acceleration  peak  and  level 
crossing  counts. 

e  Gust  velocity  power  spectral  analysis. 

DATA  EDITING  ■ 

The  selection  of  CAT  samples  for  data  processing  and  analysis  was  based  upon1 
an  edit  of  the  flight  measurements  recorded  on  the  quick-look  oscillogram. 
Turbulence  samples  were  selected  primarily  from  an  evaluation  of  the  eg  normal 
acceleration  responae  of  the  aircraft.  The  acceleration  sensitivity  of  the 
oscillograph  trace  was  approximately  Q.9g  per  inch  which  provided  a  reading 
resolution  of  O.Olg.  If  continuous  rapid  eg  acceleration  disturbances  were 
observed  in  excess  of  i0.05g,  turbulence  was  considered  to  be  present.  Small, 
high-frequency  oscillations  in  the  gust  probe  measurements  normally  provided 
further  evidence  of  the  presence  of  CAT.  jUsually,  the  pilot  would  confirm  the 
presence  of  CAT  by  activating  his  oscillograph  event  marker. 

A  turbulent  region  as  defined  above  was  considered  to  be  significant  (i.e.  worth 
processing)  if  frequent  eg  acceleration  peaks  of  i0.10g  or  more  were  observed. 

i 
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ti 

In  this  event  aeiqple’  etert  and  stop  tlmen  vere  noted  to  the  nearest  5  eeconde. 
ad  attempt  vh  made  to  note  all  (Significant  samples.  However,  those  turbulence 
patohee  o f  lees  'than  10  seconds-  duration  -•  corresponding  to  about  one  mile  in 
physical  length  -  vere  usually  ignored.  CAT  encountered  in  turna ,  particularly 
unsteady  turns,  was  usually  excluded  also. 

Generally  speaking,  no  special  attempt  wan  made  to  edit  recordings  that  did  not 
oontain  the  relatively  rapid  oscillations  normally  associated  with  the  confused 
mixing  of  turbulence  ••  nearly  always  noted  by  the  pilot.  It  was,  of  course, 
recognised  that  some  long  wave  phenomena  (e.g.,  gravity  vaves  or  undul-ance) 
might  exist  apart  from  those  regions  commonly  Identified  aa  turbulent.  However, 
no  such  perturbations  vers  observed  except  for  those  rare  oscillations  caused 
by  the  pilot  or  by  a  malfunctioning;  autopilot.  Nevertheless  if  the  waves 
were  present  but  so  low  as  to  pass  unnoticed,  then  they  are  included  in  the 
edited  data  since  such  waves  could  hardly  be  expected  to  stop  at  the  edge  of  a 
genuinely  turbulent  region. 

Each  edited  sample  van  characterized  by  a  subjective  description  of  the  CAT 
in  wordB  os  well  a*,  in  terms  of  the  estimated  eg  acceleration  peak-level.  Tn 
general,  the  following  classification,  derived  originally  from  HICAT  pilots- 1 
comment e ,  was  observed: 

Frequently  occurring  peak 

_ _  g  Increment _  CAT  description 

±0.05  to  40.10  Very  light  (VL) 

±0.10  to  ±0.25  Light  (h) 

±0.25  to  ±0.50  Moderate  (M) 

±0.50  to  ±0.75  Severe  (s) 

±0.75  or  greater  Extreme  (X) 

As  an  aid  to  later  analysis,  the  aircraft  attitude  during  the  turbulence 
penetration  was  noted,  l,e.,  level,  climbing,  descending  or  turning.  In  thiB 
connection,  average  rates  of  climb  or  descent  lens  than  about  U00  feet  per 
minute  vere  considered  to  be  level. 

Frequent  or  excessive  use  of  the  controls  as  evidenced  by  changes  in  control 
surface  positions  or  fuel  flow  rate  were  also  noted.  Relatively  ulov,  large- 
amplitude  motions  of  the  elevator  were  suspect  if  the  turbulence  was  very  .light 
and  occasionally  resulted  in  a  CAT  sample  being  passed  over. 

TURBULENCE  SAMPLE  LENGTH  DISTRIBUTION 

In  an  attempt  to  determine  the  distribution  of  high  CAT  sample  lengths,  the 
following  simple  procedure  was  used  to  construct,  a  cumulative  histogram.  All 


3 

After  processing  in  the  ground  station,  CAT  samples  are  usually  called  runs  and 
referred  to  by  a  run  number. 
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CAT  samples  from  searches  vers  classified  by  duration  into  1-mluuta  intervals 
and  summed  within  these  intervals.  The  cumulative  sum  of  oecurrenoee  vae  then 
computed  beginning  with  the  number  of  oacurranoee  in  the  higheet  interval.  By 
dividing  each  of  these  values  by  the  total  number  of  samples,  a  cumulative 
percentage  distribution  vae  obtained  of  CAT  sample  lengths  in  minutes.  The 
sample  lengths  in  minutes  were  then  converted  to  lengths  in  statute  miles  by 
multiplying  by  the  averega  true  airspeed.  A  similar  procedure  was  used  to 
obtain  cumulative  percentage  distribution  by  base  of  operation.  The  resulting 
distributions  are  presented  and  discussed  in  Section  VI. 

OUST  VELOCITY  DETERMINATION 

Two  methods  of  gust  velocity  determination  are  utilized  in  thie  report.  The 
first  method'  relies  primarily  upon  the  measurement  of  the  ag  normal  accelera¬ 
tion  response  of  the  aircraft  to  aompute  the  derived  equivalent  gust  velocity, 

U  .  This  useful  quantity  is  a  fictitious  gust  velocity.  The  second  method 
de 

is  much  more  rigorous  and  depends  upon  the  simultaneous  measurement  of  air 
velocities  and  aircraft  motions  to  compute  the  true  or  absolute  vertical, 
lateral,  and  longitudinal  gust  velocity  components.  Each  of  theae  methods  is 
described  in  detail  in  the  following  paragraphs. 

DERIVED  EQUIVALENT  OUST  VELOCITY ,  Ud# 

The  complete  derivation  of  the  formula  relating  the  derived  equivalent  gust 
velocity,  U^,  to  the  peak  measured  incremental  eg  normal  acceleration,  Aa^, 

is  contained  in  Reference  7.  Pertinent  portions  of  the  derivation  are 
repeated  below  to  provide  insight  into  the  meaning  of  U^. 

Tho  derivation  1b  predicated  on  the  following  assumptions! 

e  The  airplane  ie  a  rigid  body. 

e  The  airplane  forward  speed  is  constant. 

a  The  airplane  is  in  Bteady  level  flight  prior  to  entry  into  the  gust, 
s  The  airplane  can  rise  but  cannot  pitch. 

a  The  lift  on  the  airplane  ie  concentrated  at  a  single  fore-aft  location, 
i penetration  effects  are  neglected. 

e  The  gust  velocity  is  uniform  soross  the  span  and  always  normal  to  the 
longitudinal  axle  of  the  airplane. 

e  The  gust  velocity  profile  is  a  one-minus-oosine  shape  vlth  a  1C. 5  chord 
gradient . 

e  The  transient  lift  growth  functions  are  those  for  an  infinite  aspect 
ratio  wing  at  zero  Mach  number. 
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Ac  4  result  of  the  prescribed  suet  chap*  and  the  particular  tranaiant  lift 
function* ,  the  acceleration  whioh  would  he  determined  from  the  solution  to  the 
equation  of  motion  depanda  only  on  the  following  two  quantities! 

1.  A  reference  acceleration,  called  the  sharp-edged  gust  acceleration  and 
defined  aa  the  aaoeleration  which  would  occur  if  the  airplane  were  to  encounter 
a  eharp-edged  guet  of  velocity,  U,  and  develop  inetantaneoualy  the  change  in 
lift  due  to  thia  encounter! 


°LftPS  V  U 
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2.  A  dimensionless  maaa  parameter,  defined  aet 

BW 

“  G  pegs 
Lot 

The  solution  of  the  equation  of  motion  is  obtained  in  Reference  7  as  a  time 
history  of  the  ratio  Aa^/Aa^  for  various  values  of  The  maximum 

calculated  value  of  thia  ratio  for  each  value  of  u, .  is  identified  as  the  gust 

rg 

faator  and  labeled  K^.  Points  on  the  aurve  of  K  versus  (i_  vere  computed  one 

o  ft  ft 

at  a  . time,  and  no  closed-form  analytical  expression  for  this  relation  is 
available.  However,  s  clou  approximation  to  the  curve  relating  K  to  the 
maee  parameter  is  given  by  tho  expression  8 

.88  |i 

k6  ■  rrrf; 

The  maximum  eg  normal  acceleration  is  thus  seen  to  be  given  by 


max 


As. 


max 


A  a., 


ref 


ref 


PS  V  U 
*BW 


Converting  from  brue  to  equivalent  airspeed,  the  equation  becomes 


max 


C.  p  S  V  U„ 
Lw  ro  a  de 

S  SW 


(1) 
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or.  rewriting  to  express  U.  in  terms  of  Asu 

"max 


The  subscript  "d"  in  U.  stands  for  derived  and  the  "e"  for  equivalent.  It 

emphasizes  the  fact  that  vhen  U^b  1b  obtained  from  flight  measured  eg  normal 

accelerations  lining  equation  ( 2 ),  it  is  not  an  actual  gust  velocity  but  a 
fictitious  derived  quantity,  the  derived  equivalent  gust  velocity .  It  can  be 
interpreted  as  the  guet  velocity  that  would  produoe  the  measured  value  of 
Aa»  if  the  restrictions  contained  in  the  basic  assumptions  were  met.  One 
max 

assumption  that  is  not  even  closely  met  is  that  pertaining  to  guab  shape;  the 
simple  one-minus-cosine  shape  of  fixed  length  bears  little  resemblanae  to  the 
aotual  complex  gUBt  velocity  profiles  measured  in  the  atmosphere.  Nevertheless, 
it  has  been  found  that  this  highly  simplified  theory  giveB  a  very  good  indica¬ 
tion  of  the  relative  accelerations  experienced  in  turbulenae  by  various  air¬ 
planes.  As  a  result,  it  haa  been  a  very  useful  design  tool.  If  statistical 
data  on  eg  accelerations  of  existing  airplanes  are  converted  to  Ud#  form  by 

moans  of  equation  (2),  then  the  acceleration  .experience  of  a  new  airplane  can 
be  predicted  by  means  of  equation  (l).  This  approaoh  has  bsen  used  for  many 
years  both  in  establishing  design  loads  and  ih  defining  repeated  loads  spectra 
for  fatigue  analysis;  only  raaently  has  it  been  supplemented  by  newer  theories 
that  are  more  precise  both  in  their  description  of  the  gust  pattern  and  their 
treatment  of  the  airplane  dynamics. 

It  is  clear,  however,  that  the  derived  equivalent  gUet  velocities  inferred 
from  eg  accelerations  are,  in  fact,  fictitious  gust  velocities  that  bear  little 
relation  to  actual  gust  'velocities  that  might  be  measured  directly  .  It  is  also 
clear  from  the  above  derivation  that  UdQ  should  be  regarded  as  applying  only  to 

peak  values,  obtained  from  the  measured  peak  values  of  Aa^,  As  a  matter  of 

convenience,  however,  it  has  become  common  practice  to  apply  the  bracketed 
term  on  the  right-hand  aide  of  equation  (2)  to  the  entire  Aa^  time  history 

and  to  designate  the  resulting  variable  U^#.  Thus,  when  peak  values  are  read 

from  the  time  history,  no  further  conversion  is  neceosary.  Also,  this  term 
can  be  regarded  as  a  normalizing  factor  which  places  not  only  peak  values  of 
acceleration,  but  acceleration  time  histories  as  well,  or  a  oommon  basis 
largely  independent  of  the  characteristics  of  any  individual  airplane. 

In  the  HICAT  program  a  time  history  of  Ud#  is  computed  for  each  run  from  the 

measured  time  history  or  eg  normal  acceleration  for  each  run.  Average  values 
are  used  during  a  run  for  all  quantities  in  the  expression  for  Ud>  except  ds^. 

The  parametric  variations  during  any  single  run  are  generally  small  as  to  have 
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a  negligible  effect  on  tat  values  or  Uda.  Values  of  B,  e,  and  cL 
uaad  in  calculating  U4a  wri  as  follow*  i 

S  ■  600  ft®,  0  “  8.1*  ft,  CT  aa  given  In  Figure  6. 

"ft 

CUBT  VELOCITY  COMPONENT  EQUATIONS 

Thv^  determination  of  the  absolute  gust  velocity  component*'  of  atmospheric 
turbulence  from  an  airaraft  require*  the  measurement  of  (l)  the  motion  of  tho 
alr  disturbance!  with  respect  to  the  airaraft  and  (2)  the  motion  of  the  sir- 
craft  \tith  respect  to  the  ground.  In  the  HICAT  Instrumentation  system  the 
air  disturbances  relative  to  the^alroraft  are  measured  with  a  guat  probe; 
the  aircraft  Station  relative  to  the  ground  is  determined  by  on  Inertial 
■  platform. 

The  basic  equations  used  to  determine  the  vertical,  lateral,  and  longitudinal 
gust  velocity  Components  from  the  HICAT  measurement u  are  given  below. 


4Uy  -  VTAot  VTApM-  VtA0+  /Aazdt  +  I^AC 

AU^  •  V,pAp-  V^AoA^*  V^AiJj- AV^,  cos  A>AVy,  ainA+  L^ijj 

\ 

AUr  A7t  -  AVX,  sin  A-  AVy ,  cos  A 


The  . A' ■  indicate  that  the  components  are'  zero-mean  values  with  linear  trends 
removed.  The  derivation  of  these  equations  is  shown  in  considerable  detail 
in  Appendix  IV. 

IRAK  COUNTINO 


The  peak  count  analysis  haa  two  objectives : 

a  Determination  of  the  level  of  turbulenoe  encountered  and  correlation  with 
existing  data  published  by  NASA  in  TN  D-5^8. 

a  Determination  of  the  etationarity  of  turbulence  data  time  historic*  by 
comparing  HICAT  cumulative  peak  count  distributions  with  peak  count 
distributions  given  by  theory  for  a  stationary  Oausslan  process 
(Rice’s  equation). 
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Figure  6.  HI CAT  Aircraft  Lift  Curve  Slope  versus  Much  Number 

Peak  counts  were  obtained  from  the  low-pass-filtered  time  histories  of 
normal  acceleration  at  the  airplane  center  of  gravity, and  of  the  related 

quantity,  derived  equivalent  gust  velocity,  . 

Peak  counts  were  not  obtained  of  the  absolute  gust  velocities  because  of  the 
probability  of  large,  uncertain  contributions  at  the  long  wavelengths  and  the 
sensitivity  of  the  peak  count  data  to  these  Jar ge  contributions.  Consideration 
was  given  to  the  use  of  high-pass  filtering  to  remove  the  long  wavelength 
components  from  the  data,  but  it  was  decided  not  to  attempt  such  filtering,  for 
two  reasons.  First,  the  proper  Interpretation  and  use  or  peek  counts  based  on 
filtered  time  histories  is  not  evident  at  this  time.  It  is  not  clear  how  suoh 
peak  counts  might  be  utilized  directly  in  developing  design  criteria,  and 
inasmuch  as  the  filter  characteristic  would  bs  quite  arbitrary,  it  is  unlikely 
that  valid  comparisons  could  be  aide  with  peak  counts  obtained  from  other 
programs.  Second,  peak  counts  h*vs  been  of  value  chiefly  in  establishing  gust 
intensity  etstistici.  In  the  HICAT  program,  there  has  been  no  attempt  to 
obtain  either  a  random  sample  of  the  atmosphere  or  one  that  would  simulate 
normal  aircraft  operations.  Consequently,  in  this  program,  peak  counting  has 
been  considered  to  be  of  secondary  importance,  and  it  appears  that  the  measure 
of  turbulence  inters ities  given  by  the  peak  count*  should  be  adequate. 

Two  different  peak  counting  procedures  were  used.  In  the  first,  peeks  vers 
defined  as  maxima  occurring  between  adjacent  zero  crossings,  based  on  the  time 
history  efter  removal  of  linear  trends.  This  definition  is  s  common-sense  one 
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\Ulti  ?anera1^*  In  obtaining  the  peak  count,  the  peaks 
were  classified  by  absolute  magnitude  within  various  interval-  T^-  nurh~.B 

X  W*  *““»«  the  various  interval,  were  then  Mcmui^d .  2^5? v  th 

a»  th.  rooulting  count  ounv..  g!„  K^.r  or 
peaks  in  excess  of  any  given  value  of  ^  or  U^.  01 

In  the  second  peak  counting  procedure,  the  number  of  positive  slope  Crossings 

SJSSSr^  dafin#a  the  nuabar  of  Pea*B  ln  exce8B  of  that  level. 
Similarly,  negative  slope  crossings  of  negative  levels  define  negative  peaks 

^*i-e*£*°?Un/ii>!8  t?0h?i<iua  is  inherently  cumulative,  so  that  a  cumulative 
sum  is  obtained  by  simply  combining  the  counts  of  positive  smd  negative  peaks 

8lrB  *?•  klnd  0f  Pbak  oount  tha*  l?  predicted  ZSalT' 
for  a  stationary  Oausslan  process  by  Rice's  equation,  as  discussed  in  7 

8J*tloaarity‘  Oowinon  of  peek  count  curves  obtained  in 
far  tT!!!*1?  h®  c^r8,P°ndin«  theoretical  curves  given  by  Rice's  equation 
'2Jt *  lnf0rmtion  that  c“  te  extremely  important  when 

"•  u,”d  in  of 

Peak  counts  were  obtained  only  for  the  portions  of  the  flight  records  identi- 
^2^4 M  f 'an** *  “  runB  were  defined  under  Data  Editing  earlier  in  this  section 
Difficulties  with  the  airborne  instrumentation  precluded  obtaining  peak  counts 

obtla.4  r™.  in  which  C 

faotora^Qou14  be  misinterpreted  as  significant  gUBt  response.  As  noted  earlier, 

nont?nu1il0+r*?1rtC0r!l',Were  *dit8d  “°  M  t0  Provld«  runB  containing  reasonably 
continuous  turbuienoe .  Accordingly,  some  very  short  bursts  of  rough  air  were 

not  classified  as  runs,  so  peak  counts  were  not  made  of  these  data.  Finally 

some  runs  oontained  anomailes  such  as  radio  transmission  interference  or  other 

io^  th8lr  *8ln6  Processed.  The  data  thlt  "ere 

totii  d8J  f0r  !h898  reMonB  counts  to  a  negligible  percentage  of  the 

P8akvCOUnt4."Tnary*  and  hance  doeB  not  affect  the  conclusions 
regarding  the  peak  count  data. 

a!L*  ■^^!in,'Sat+°n  interva^B  for  both  PBa*  counting  techniques  were  0.05g  for 
Aajj  and  1.0  foot  per  second  for  U^.  A  threshold  was  established  at  10  per¬ 
cent  of  the  basic  interval  to  preclude  the  possibility  of  repeated  high- 
frequenoy  crossing,  of  the  mean  or  zero  level.  In  the  positive  elope  level 

WM  ±  1  inte^al?er°  cr088‘nga  WBrB  not  oounted  so  that  the  effective  threshold 

POWER  SPECTRAL  ANALYSIS 
POWER  SPECTRA 

The  PWer  speotrum  or  power  spectral  density  of  a  function  (e.g.,  a  gust 
veiocity  time  history)  describes  the  manner  in  which  the  total  average  power 

°  8rrti0n  ^velooitjr  “"Plitude  squared/cycles  per  second)  is  distributed 
over  the  lrequency  range.  In  essence  it  provides  a  statistical  measure  of 
the  mean  square  amplitude  of  a  measurement  for  each  of  a  number  of  narrow 
but  discrete  frequency  bandB .  The  square  root  of  the  sum  of  all  these  values 
over  the  frequency  range  of  the  spectrum  gives  the  rms  value  of  the  spectrum 
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Normally,  power  spectra  from  uniform  time  series  data  are  computed  and  plotted 
«■  a  function  of  frequency  in  cycles  psr  second  or  radians  per  second,  How¬ 
ever,  for  atmospheric  turbulence,  it  is  desirable  to  interpret  the  frequency  in 
terms  of  vavelength  in  feet  per  cycle  or  inverse  wavelength  in  oyolee  per  foot. 
Thus,  to  obtain  the  ordinates  of  the  spectra  in  cycles  per  foot,  the  ordinate 
and  abscissa  values  are  respectively  multiplied  and  divided  by  the  aircraft 
speed  in  feet  per  second.  The  average  true  airspeed  of  the  aircraft  was  the 
value  used  for  all  the  gust  velocity  spectra. 

The  methods  used  for  computing  power  spectra  and  associated  statistical 
functions  are  described  in  detail  in  Appendix  III. 

SPECTRAL  RELIABILITY 

One  of  the  most  Important  objectives  of  the  HICAT  program  is  to  determine  gust 
velocity  spectra  for  turbulence  waves  ranging  from  about  100  feet  to  &b  much 
as  60,000  feet  in  length.  Statistically  reliable  spectral  determinations 
require  that  turbulence  sample  lengths  increase  in  proportion  to  the  longest 
wavelength  of  interest. 

Since  turbulence  patches  and  hence  turbulence  recordings  vary  considerably 
in  length,  some  patches  will  be  too  short  for  a  reliable  long  wave  spectral 
analysis  but  quite  adequate  for  a  medium  or  short  wave  analysis.  The  follow¬ 
ing  table  illustrates  the  determination  of  the  minimum  sample  lengths  associ¬ 
ated  with  a  specified  long  wavelength  limit  in  the  power  spectrum.  In 
constructing  the  table  the  minimum  turbulence  run  was  assumed  to  be  of  a 
length  sufficient  to  contain  twenty  complete  cycles  of  the  longest  wave. 

The  table  assumes  that  the  data  sample  rate  is  12.5  samples  per  Becond  (the 
normal  HICAT  rate  after  low  pass  numerical  filtering)  with  At  ■  1/12.5  ■  0.08 
sec  and  an  fN>  the  Nyquist  or  folding  frequency,  of  6.25  cpB.  The  symbols 

used  in  the  table  are  defined  as  follows; 

m  ■  Total  number  of  spectral  estimeteB  or  lags  ■  f^/ Af . 

Af  ■  Elementary  spectral  frequency  band  associated  with  each  spectral 
power  estimate  ®  half  of  the  spectral  frequency  resolution  and 
corresponds  to  the  plotting  interval  in  the  power  spectrum. 

\  Max  ■  Longest  wavelength  for  which  a  spectral  power  estimate  is 
desired  ■  600  (assumed  velocity)/ Af. 

T  =20  times  the  length  of  \  Max  in  seconds  ■  20/ Af  »  minimum 
°Min  criteria. 
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Figure  7.  Eighty  Feroent  Confidence  Limits  os  o  Function  of 

Degrees  of  Freedom 


Table  II 

DETERMINATION  OF  MINIMUM  TURBULENCE  SAMPLE  LENGTH,  T 

"Min 


"  "  .  ■- 

Analysis 

m 

m 

\  Max 
(ft) 

T 

"Min 

(sec) 

(min) 

Short  wave 

25 

0.250 

2, tOO 

00 

1.3 

Medium  wave 

50 

0.125 

t  ,800 

160 

2.7 

Medium  to  long  wave 

125 

0.050 

12,000 

too 

6.7 

Long  wave 

250 

0.025 

2t  ,000 

000 

13.3 

Long  to  very  long  wave 

500 

0.0125 

to, coo 

i,6oo 

26.7 

Very  long  wave 

625 

o.oio 

— 

60,000 

2,000 

33.3 

The  minimum  sample  lengths,  T  ,  determined  in  the  table,  will  provide  data 

"Min 

with  £5  T  / m  or  00  etatistical  degreea  of  freedom.  Hence  at  the  00  percent 
confidenoS  level,  Figure  7  (derived  from  the  ohi-square  distribution  data  shown 
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1UWUM0I  UMM  UMM— MOVISl 

Figure  8.  OAT  Sumple  Length  Distribution,  Time 

on  page  22  of  Reference  23)  showe  that  the  spectral  estimates  will  be  within 
20  percent  of  the  "true"  long  run  average.  Obviously  longer  samples  are 
desirable.  If  the  samples  are  twice  T  in  length,  the  confidence  band  is 

Min 

reduced  (improved)  to  about  lh  percent. 


The  number  of  turbulence  samples  that  will 

h 

estimated  if  the  turbulenoe  sample  length 
shows  thiB  distribution  for  all  the  edited 
program. 


provide  reliable  spectra  may  be 

distribution  is  known.  Figure  6 
turbulence  samples  in  the  HICAT 


Table  III  was  constructed  using  this  distribution  together  with  the  m  values 
from  Table  II  and  applying  the  minimum  sample  length  criteria,  i.o.,  that  the 
sample  be  at  least  20  times  the  length  of  the  longest  wave,  and  hence  that  th# 
sample  spectra  contain  80  or  more  degrees-of-freedom.  The  table  shows  the 
actual  number  of  turbulenoe  tuples  available  for  power  spectral  analysis  in 
various  m  and  wavelength  categories. 

For  example,  the  table  indicates  that  turbulenoe  samples  will  be  between 
6,7  and  13,3  minutes  in  lsngth.  Bpeotra  oomput.ed  from  these  samples  with  an 


Samples  vhiah  result  in  invslid  spectra  because  of  insufficient  gust  intensity, 
excessive  maneuvering,  or  instrument  malfunctions  must  bs  rejected.  Thus  ths 
actual  number  of  npeatra  will  be  less  than  estimated. 
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d  of  125  vill  have  confidence  bands  between  14  peroent  and  20  par cant  at  the 
SO  y«-u«ut  Owufluauua  laval.  note  that  if  the  spectra  are  computed  using  the 
"a"  and'"Tn"  combinations  indicated,  the  confidence  bands  will  be  20  pax  cent 

or  better  for  wavelengths  up  to  24,000  feet. 


Table  111  shows  the  maximum  value  for  T  ,  the  sample  length,  to  be  about 

16  ainutee.  This  vaa  originally  an  IBM  7094  computer  limitation  based  upon  a 
very  large  value  of  m  oombined  with  a  sampling  rate  of  12.5  samples  per 

second. ^  The  advent  of  the  IBM  Bystem/360  removed  this  computing  limitation. 
Hoveve*,  the  absence  of  turbulence  samples  significantly  greater  than  16  min¬ 
utes  in  length  would  appear  to  preclude  the  computation  of  48,000  and 
60,000  foot  epeotra  unless  a  lover  statistical  reliability  is  acoepted.  The 
last  two  rows  in  Table  III  illustrate  this  point. 

Based  upon  these  considerations,  the  HICAT  spectra  are  computed  using  the  m 
and  T  combinations  shewn  in  Table  III  up  to  on  m  of  250.  Spectra  for  aampleB 
longe?  than  13.3  minutes  are  also  computed  and  plotted  UBing  an  m  of  500. 


Table  III 

TURBULENCE  SAMPLES  FOR  SPECTRAL  ANALYSIS 


a 

•  •  ,i  ..  . 

i  A.  Max 
ft 

T 

"Min 

Degrees 

of 

freedom 

Confidence 
bandB  at 

80^  level 

Turbulence 

samples* 

1  No. 

M  ••• 

0-  1.3 

'  - 

- 

37.0 

169 

25  ■ 

2,400 

1.3-  2.7 

80-160 

20-14 

24.4 

124 

50 

4,600 

2.7- .6.7 

80-200 

20-13 

24.1 

123 

125  ■ 

12,000 

6.7-13.3 

80-160 

20-14 

10.5 

54 

250 

24,000 

13.3-16.6 

80-100 

20-18 

4.0 

20 

500 

48,000 

13.3-16.6 

4o-50 

29-27 

(4.0) 

(20) 

625 

60,000 

16.0-16.6 

3B-4o 

30-29 

(1.2) 

(6) 

100.0 

510 

^Numbers 
hence  are 

In  parenthesis  are  already  i,naludsd  in  the  m  ■  250  category  and 
excluded  from  column  totals. 

5 

It  would,  of  course,  have  been  possible  to  low  pass  filter  the  data  again  and 
then  halve  the  sample  rats  to  reduoe  m,  the  number  of  estimates  required, 

This  would  have  necessitated  considerably  mure  computing  and  required  two 
spectral  plots  to  provide  eoaeutially  Identical  information, 
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Aa  explained  above  In  the  discussion  of  Speatr&l  Reliability,  the  spectra  are 
always  computed  so  as  to  make  certain  that  a  selected  minimum  level  of 
statistical  reliability  is  obtained.  This  is  done  by  varying  the  wavelength 
resolution  of  the  spectrum  to  suit  the  turbulence  sample  length.  In  effeot, 
this  means  that  some  spectra  will  extend  to  much  lover  frequencies  and  longer 
wavelengths  than  others.  The  rma  values'  (called  RMS  Spectra  on  the  plots) 
characterizing  individual  spectra  are  thus  not  comparable  unless  the  spectra 
cover  the  same  wavelength  range. 

To  enable  spectra  with  different  low  frequency  limits  to  be  compared,  addi- 
tional  rma  values  were  computed  using  the  following  standard  long  wavelength 
limits:  1000,  2000,  4000,  0000,  20,000  and  40,000  feet.  The  high  frequency 
or  short  wavelength  limit  was  established  for  convenience  at  the  wavelength 
corresponding  to  5-0  ops  and  thus  varies  slightly  with  aircraft  speed,  e.g., 
at  TOO  feet  per  second,  5  cps  corresponds  to  a  wavelength  of  700/5  or  l4o  feet. 
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SECTION  VI 

PRESENTATION  AND  DISCUSSION  OF  RESULTS 


GENERAL 

The  HICAT  program  results  are  'based  upon  flight  measurements  of  aircraft  eg 
acceleration  response  and  the  true  or  absolute  gust  velocity  components 
together  with  measurements  of  the  related  aerodynamic  and  meteorological 
variables.  These  measurements  are  compiled  for  analysis  in  statistical  tabu¬ 
lations,  time  histories,  peak  counts,  and  gUBt  velocity  powor  Bpectra.  A 
comprehensive  presentation  of  all  the  HICAT  measurements  available  for  analy¬ 
sis  is  provided  by  the  HICAT  Test  Summary,  discussed  briefly  below  and 
presented  in  Appendix  I. 

It  is  the  purpose  of  this  section  of  the  report  to  describe  and  analyze  these 
results  with  emphasis  upon  the  point  of  view  of  the  airoraft  structural 
designer.  The  main  features  of  this  analyBiB  are  the  following: 

•  A  discussion  and  a  statistical  description  of  the  length  and  thickness 
of  CAT  as  well  as  its  relative  frequency  of  occurrence  in  various 
altitude  bands. 

•  An  examination  of  the  intensity  and  relative  frequency  of  ooourrenoe  . 
of  OAT  per  flight  mile  as  well  as  within  various  altitude  band's.  This 
analysis  is  based  upon  U,je  peak  count b  determined  from  time  histories 
of  the  aircraft  eg  acceleration  response.  The  HICAT  data  1b  compared 
with  similar  U-2  operational  data  collected  by  NAHA. 

•  An  evaluation  of  the  true  gust  velocity  power  Bpectra  utilizing  an 
averaging  method  to  obtain  spectra  for  aircraft  design.  The  repre¬ 
sentation  of  gust  velocity  spectra  by  various  mathematically  defined 
curves  is  also  diBOUBBed. 

•  An  examination  of  certain  special  statistical  relationship::  of  CAT  to 
determine  probability  distributions  of  rms  velocities  for  the  three 
gust  components,  to  determine  the  isotropy  of  the  turbulence,  and  to 
ovaluato  the  Btatlonarity  of  the  vertical  gust  velocity.  This  latter 
evaluation  is  an  essential  step  in  the  application  of  HICAT  statistioe 
to  aircraft  design. 

HICAT  TEST  SUMMARY 

Tho  HICAT  Test  Summary  Table,  Appendix  I,  provides  a  brief  tabular  description 
of  all  high  altitude  CAT  encounters  in  order  by  test  and  run  number.  The 
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Figure  9.  OAT  Sample  Length  Distribution,  Miles 


table  la  intended  to  oonvey  the  Boope  of  the  results  while  at  the  same  time 
characterizing  each  OAT  run  with  sufficient  detail  to  permit  an  independent 
assessment  of  tha  measured  data. 

TUBBUUBhOBi  BAMPUl  DISTRIBUTIONS 

iaNOIH 

In  order  to  provide  some  idea  of  the  length  of  turbulent  regions  in  the 
atmosphere,  the  sample  durations  were  olasBified  and  converted  to  milOB  ua 
explained  in  Seation  V. 

Figure  9  shows  the  turbulence  sample  length  distribution  for  each  operational 
base  and  tha  sample  length  distribution  overall.  Figure  Q  Bhowe  fairly  clearly 
that  more  long  turbulenoe  samples  were  obtained  in  operations  from  Laverton, 
Australia,  than  from  the  other  Bix  locations.  Overall,  1.25  percent  of  all  the 
samples  obtained  in  tha  aearab  flights,  i.e.,  six  samples,  exceeded  127  miles 
in  length.  About  half  of  all  the  OAT  samples  encountered  woro  ljj  miles  or 
more  in  length. 

Admittedly,  there  is  u  slight  blue  in  this  distribution  because  some  light, 
short  samploa  ware  ignored.  It  may,  however,  be  counterbalanced  by  the  fact, 
that  ncmu  samples  ware  interrupted  tint!  shortened  because  of  the  aircraft  turn¬ 
ing  or  radio  interforenoe  in  thu  mouuuromontu. 
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Figure  10.  Distribution  of  the  Thickness  of  Turbulent  Regions 
THICKNESS 

The  thiokness  of  the  turbulent  regions  is  also  of  interest  but ■ cannot  be  as 
simply  determined  from  aircraft  measurements  as  can  the  horizontal  length.  The 
difficulty  ooours  in  determining  from  a  alimbing  or  descending  airplane  which 
boundary  of  the  turbulent  region  has  been  crossed]  an  upper  or  lower  boundary 
as  against  a  horizontal  peripheral  boundary. ^ 

This  difficulty  was  only  approximately  resolved  by  limiting  the  turbulence 
thiokness  estimates  to  thoGe  runs  with  a  relatively  high  rate  of  climb  or 
desoent, 

The  rate  of  climb  or  desaont  considered  acceptable  (1200  fpm)  provided  sample 
durations  avereging  66  seconds  or  about  one  third  of  the  average  length  of  o 
level  flignt  sample.  By  this  means,  the  probability  was  considerably  increased 
that  tho  thioluiesa  of  the  turbulent  region  was  aotually  measured  end  not  the 
length.  Tula  process,  however,  reduood  the  total  number  of  valid  thickness 
estimates  from  about  31  to  only  13.  The  thickness  distribution  provided  by 
those  13  samples  is  presented  in  Figure  10.  Bused  on  this  very  limited 
number  of  estimates,  it  appears  that  tost  tm-buienee  regions  are  fairly  thin, 
probably  less  than  3000  foot  thick.  1 

Normally,  horizontal  peripheral  boundaries  arc  the  only  kind  considered  when 
estimating  turbulunuo  pabuli  lengths  from  luvul  flight  penetrations  -  tho 
possible  alight  slope  of  a  turbulent  band  iu  ignored. 


Flight  Miles  by  Figure  12.  Distribution  of  CAT  Miles  by  Altitude 
Lch  Base  Band  for  TJach  Base 
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WSCWf  OF  TUMUUMCE  IDtt  PER  AITITOWC  BARD 

Figure  13.  Percent  Turbulence  Time  versus  Altitude 
DISTRIBUTION  OF  TURBULENCE  BY  ALTITUDE 

The  amount  of  turbulence  encountered  in  &  given  altitude  bend  obviously  depends 
upon  the  amount  or  turbulence  which  naturally  occurs  in  the  particular  band  as 
veil  as  the  time  or  distance  searched  within  the  band.  Figure  11  graphically 
depicts  the  number  of  miles  flown  in  5000-foot  altitude  bands  above  45,000  feet 
for  each  base  of  operations  and  for  all  bases.  Figure  12  shove  the  number  of 
miles  of  turbulence  encountered  in  the  seme  altitude  bands  for  each  base  and 
for  all  bates.  Figure  13  ahove  the  percentage  of  turbulence  in  each  altitude 
band  for  each  base  of  operations. 

These, latter  two  curves  considered  together  appear  to  indicate  a  possible 
increase  in  the  occurrence  of  turbulence  in  the  50,000  to  55, 000-foot  band 
in  all  but  two  of  the  areas  searched.  That  thie  effect  is  not  due  tc  flying 
significantly  more  time  in  this  beuid  is  shown  by  Figure  11,  "All  Bases." 

OUST  VELOCITY  TIME  HIBT0RIEB 

The  gust  velocity  time  histories  are  presented  in  Appendix  VI.  A  gust  velocity 
time  history  is  shown  corresponding  to  each  run  for  which  gust  velocity  pover 
speotra  are  presented  in  Appendix  VII, 

A  typical  gust  veloolty  time  history  appears  in  Figures  14  and  15 .  The  first 
figure  presents  time  histories  of  the  three  gust  veloolty  components  along  with 
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derived  equivalent  guat  velocity,  corrected  pressure  altitude  and  ambient  air 
temperature.  The  second  figure  »iit>'wu  the  associated  time  histories  of  true 
airspeed,  roll  angle,  elevator  position,  eg  longitudinal  acceleration,  eg 
lateral  acceleration  and  eg  normal  acceleration. 

PEAK  COUNTS 


As  noted  in  Section  V,  peak  count  data  wore  obtained  for  two  basic  purposes: 

•  Obtain  a  general  Indication  of  the  level  of  turbulence  encountered 

•  Evaluate  the  stationarity  of  the  time  hiBtory 

Results  and  discussion  directed  toward  the  first  of  these  purposes  are  con¬ 
tained  in  this  section.  Results  and  discussion  pertaining  to  the  second  appear 
under  3tationarity  later  in  this  section  under  the  paragraphs  entitled  Special 
Statistics. 

HICAT  peak  count  data  were  obtained  during  flights  specifically  directed  toward 
locating  and  measuring  turbulence.  Ac  a  result,  the  HICAT  data  would  be 
expected  to  reflect  a  more  severe  exposure  than  VGH  data  obtained  in  routine 
operations.  The  latter  data  would  reflect  a  more  random  sampling  cf  the 
atmosphere,  or  perhaps  actually  a  bias  toward  less  frequent  and  leeB  severe 
turbulence.  Such  a  bias  could  result  from  the  UBe  of  turbulence  avoidance 
procedures  or  from  the  possibility  that  operational  missions  would  be  less 
frequently  carried  out  under  the  type  of  weather  conditions  likely  to  occur 
In  conjunction  with  turbulence.  Another  factor  that  might  load  to  an  indica¬ 
tion  of  more  severe  exposure  to  turbulence  in  the  HICAT  program  is  that,  in  a 
number  of  instances,  once  a  turbulent  region  was  found,  repeated  passes  wore 
made  through  the  same  region  in  different  directions. 

Oh  the  other  hand,  there  were  two  or  three  occasions  when  the  pilot  maneuvered 
the  aircraft  out  of  the  turbulence  because  of  its  so verity. 7  As  a  result, 
come  of  the  higher  gust  velocities  may  have  been  missed.  Subsequent  examina¬ 
tion  of  the  records  from  those  three  flights  indicated  that  the  center-of- 
gravity  accelerations  that  oeaurred  before  the  airplane  left  the  turbulence 
were  comparable  to  -  but  no  higher  than  -  the  moBt  severe  obtained  on  other 
runs.  Further,  some  of  the  turbulence  data  were  excluded  from  peak  counting 
for  the  various  reasons  noted  in  the  discussion  of  peak  counting  methods  in 
Section  V.  This  loss  of  data,  however,  is  believed  to  have  a  rather  small 
effect  on  the  frequency  of  exceedance  curves. 


^Severe  in  the  sense  that  airframe  fatigue  load  damage  was  possible  although 
actus!  eg  accelerations  were  well  below  limit  values. 
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In  defining  miles  flown  in  turbulence,  the  miles  flown  are  considered  to  he 
exactly  those  covered  during  "runs,"  as  defined  under  Data  Editing  in 
Section  VI.  Generally,  the  criterion  used  as  a  guide  in  breaking  the  flight 
records  into  runs  was  that  the  eg  acceleration  trace  be  continuously  disturbed 
(±0.C5g)  and  exhibit  frequent  peaks  in  excess  of  ±0.10g,  corresponding  to  an 
average  Ude  of  about  1.7  fps .  This  criterion  is,  of  course,  arbitrary  to 
begin  with  and  also  quite  subjective  in  its  application.  In  fact,  some  of  the 
very  long  runs  needed  to  establish  power  spectral  densities  at  the  longest 
wavelengths  included  scattered  regions  in  which  no  IC.lOg  peaks  occurred. 

The  peak  count  data  obtained  In  the  redirected  HICAT  program  are  summarized 
in  Figures  16  and  17.  Figure  16  presents  frequency  of  occurrence  of  derived 
equivalent  gust  velocity,  U  ,  per  flight  mile  from  each  of  the  Beven  bases 

of  operation  ,  together  with  the  summation  per  total  flight  mile.  Note 
that  the  most  severe  turbulence  was  encountered  during  flights  from  Laverton, 

Australis.,  and  Ramey  Puerto  Hico.  The  maximum  measured  incremental  value 

of  eg  acceleration,  O.og,  resulted  in  a  maximum  value  of  U  of  ID. 6  l'pa. 

Figure  17  presents  the  program  data  on  0  per-turbulence-inile  basis.  The  moBt 
severe  turbulence  on  this  basis  was  also  encountered  on  flights  from  Laverton, 
Australia,  and  Ramey  AFB,  Puerto  Rico. 

The  resultB  for  the  run  during  which  the  maximum  values  of  Aa„  (incre¬ 
ment  in  eg  normal  acceleration)  and  Ude  were  obtained  are  presented  in  Fig¬ 
ures  lB  and  19.  This  run  waB  a  very  short  one,  42  seconds.  The  Ude  exceedance 

curve,  Figure  16,  exhibits  a  much  shallower  slope  than  the  total  data  from 
Ramey  AFB  presented  in  Figure  17.  This  shallower  Blope  indicates  in  this  case 
that  a  greater  proportion  of  larger  gUBt  velocity  increments  are  present.  The 
turbulence  encountered  in  this  run  is  thus  much  more  severe  -  actually  by  a 
factor  of  about  2.5  -  than  the  average  for  all  runs.  The  corresponding 
exceedance  curve  for  Aa^  is  shown  in  Figure  19.  This  curve  is,  of  course,  very 

similar  to  the  U^e  exceedance  curve,  reflecting  a  ratio  of  to  Aa^  of 

approximately  19. 

Figure  20  presents  a  comparison  of  the  HICAT  peak  count  data,  normalized  to 
total  flight  miles,  with  similar  data  obtained  with  VGH  recorder  during 
operational  U-2  flights  as  reported  by  NASA  in  TN  D-548  (Reference  2).  The 
influence  on  the  TN  D-548  data  of  the  flights  over  Japan  is  quite  obvious. 

With  the  Japanese  data,  excluded,  the  HICAT  and  TN  D-548  results  exhibit  the 
same  3lope.  The  difference  in  vertical  position  of  the  two  lines  indicates 
a  different  percent  of  time  in  turbulence,  which  can  be  attributed  to  the 
types  of  missions  flown  in  the  two  programs.  The  HICAT  airplane  waB  in 
turbulence  about  2.5  times  as  often,  accounting  for  the  nearly  constant  factor 
relating  the  HICAT  and  TN  D-548  data.  When  the  HICAT  and  TN  D-548  data  are  put 
on  a  more  directly  comparable  basis  by  excluding  the  20,000  to  1*5,000  ft  alti¬ 
tude  band  from  the  TN  D-548  data,  the  factor  of  2.5  increases  to  about  4.5. 
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Figure  20.  Frequency  of  Exceedance  of  U^g  per  Flight  Mile, 

Comparison  of  HICAT  with  TN  D-^48 

A  comparison  of  the  TN  D-$4Q  and  HICAT  data  on  a  per-turbulence-mile  basis  is 

shown  in  Figure  21.  With  the  Japanese  data  excluded,  the  agreement  is  very 

close,  as  would  be  expected  in  light  of  the  discussion  of  the  preceding  figure. 

As  noted  earlier,  however,  the  definition  of  miles  in  turbulence  is  rather 

arbitrary,  and  was,  in  fact,  not  Identical  between  the  two  sets  of  data.  It 

will  be  recalled  that  the  HICAT  turbulence  runs  were  defined  based  on  a  U. 

de 

threshold  of  1.7  fps ,  while  the  corresponding  TN  D-5'+8  threshold  was  2  fps. 

Any  difference  in  the  number  used  for  the  miles  in  turbulence  would  be  reflected 
in  a  vertical  shift  of  the  frequency-of-cxceedance  curves,  so  the  close  agree¬ 
ment  is  not  altogether  significant. 

The  Japanese  data  extracted  from  TN  D-548  are  compared  in  Figure  22  with  the 
HICAT  data  obtained  during  flights  from  the  two  bases  where  the  most  severe 
turbulence  was  encountered.  Comparing  the  "all  flights"  curves,  it  is  seen 
that,  at  a  given  frequency  of  exceedance,  the  Japanese  data  are  more  severe  by 
a  factor  of  roughly  l.U.  If  only  the  one  flight  over  Japan  (CW-50-2)  for 
which  the  turbulence  was  most  severe  is  included,  the  effect  is  seen  to  be 
an  almost  uniform  upward  r.hift  of  the  curve.  These  two  Japan  curves  are  only 
slightly  less  severe  in  slope  than  the  curve  representing  the  one  most  severe 
patch  of  turbulence  measured  out  of  Romey  AFB,  test  155,  run  2. 
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Figure  21. 


Figure  22. 


Frequency  of  Exceedance  of  U^g  per  Flight  Mile  in  Turbulence, 
Comparii  -'n  of  HICAT  with  TN  D-5“+8 
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Frequency  f  Exceedance  of  U^e  por  Flight  Mile  in  Turbulence, 
Comparison  of  HICAT  with  TN  D-51^  for  Loce.tions 
Giving  Most  Severe  Turbulence 
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'Thu  pmondH  ng  (URnnpnton  ban  linen  concerned  with  the  overall  HICAT  peak  count 
data,  including  some  comparisons  with  the  data  from  TN  D-5^8.  The  breakdown 
of  the  data  by  altitude  bands  is  presented  in  Figures  23  and  24.  Figure  23 
presents  the  frequency  of  exceedance  of  Ude  by  altitude  baud  for  the  HICAT 
program.  Note  that  the  general  trend  is  toward  a  generally  less  severe 
turbulence  environment  as  altitude  increases. 

Figure  24  presents  a  comparison  by  altitude  band  of  the  exceedance  data 
obtained  in  the  HICAT  program  and  the  material  reported  in  TN  D-5^8.  In  the 
1*0, 000-60, 000  ft  band,  the  relation  of  the  three  curves  is  very  similar  to 
that  Bhown  in  Figure  20,  where  the  data  are  not  separated  by  altitude  bands 
and,  in  fact,  are  not  for  exactly  the  same  altitude  ranges.  This  similarity 
is  to  be  expected  since  a  major  part  of  the  more  severe  turbulence  exposure  in 
both  programs,  including  the  severe  turbulence  over  Japan,  occurred  in  this 
band.  In  the  60,000-75,000  ft  band,  the  Japanese  data  still  dominate  the 
TN  D-5^8  data,  but  here  the  HICAT  exposure  becomes  relatively  much  more  severe. 

Figures  25  and  26  present  flight  and  turbulence  miles  by  altitude  band  for 
the  HICAT  program  and  from  TN  11-548.  Note  that  the  HICAT  flights  were  con¬ 
centrated,  almost  uniformly,  in  the  altitude  range  50,000-65,000  feet,  and 
that  turbulence  was  most  prevalent  in  the  band  50,000-55,000  feet.  The 
TN  D-5^8  flights  were  concentrated  in  the  bands  50,000-55^000  and  60,000- 
65,000  feet,  and  turbulence  was  encountered  mainly  in  the  band  50,000-60,000 
feet.  This  Information  concerning  turbulence  encounter  is  consistent  with  the 
data  of  Figure  24,  which  shows  for  both  programs  more  frequent  encounters  at 
all  gust  intensities  in  the  altitude  band  1*0,000-60,000  feet  than  the 
60,000-70,000  foot  band. 

Figure  27  compares,  by  altitude  band,  the  percent  of  time  in  turbulence  for 
the  HICAT1  program  with  that  for  the  flights  reported  in  TN  D-5l)8,  including 
all  data  from  both  programs.  The  HICAT  airplane  was  in  turbulence  a  higher 
percent  of  time  at  all  .altitudes  above  45,000  feet.  This  information  is  con¬ 
sistent  with  the  data  presented  in  Figures  25  and  26,  and  with  the  typeG 
of  missions  flown  in  the  two  programs.  Again  it  should  be  noted  that  defini¬ 
tions  of  time1  in  turbulence  are  somewhat  arbitrary  and  subjective  and  no 
effort  has  boon  made  to  achieve  consistency  between  the  HICAT  und  the  TN  D- 548 
data.  However,  the  larger  percentages  of  time  in  turbulence  for  the  HICAT 
program  would  be  expected  in  view  of  the  specific  effort  to  find  and  measure 
turbulence  in  this  progrum. 

Figure  28  presents  the  variation  of  Ude  with  altitude  presently  used  in  design 
of  military  ui: cruft  (sea  Hoferurice  8).  Superimposed  on  this  figure  are  the 
maximum  values  of  U^u  obtained  in  the  HICAT'  program  to  date,  including  both 
the  dutu  from  Toot  33  roported  in  thu  HICAT'  Interim  report  (Reference  5)  and 
the  data  from  the  redirected  HICAT  progrtun.  Approximately  280,000  miles  have 
been  flown  in  HICAT'  flights  to  date  (including  flights  mude  before  the  pro¬ 
gram  redirection),  nnd  the  design  vulucs  of  between  h5,000  und  70,000 
feet  have  not  boon  axetjodod.  A  significant  margin  exists  between  the  highest 
recorded  value  of  Uj0  and  the  design  value  at  the  corresponding  altitude. 
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Figure  23.  Frequency  of  Exceedance  of  :J^e  per  Flight  Mile  for 
Various  Altitude  Bands 
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Figure  2h,  Frequency  of  Exceedance  of  IK  per  Flight  Mile  for  Various 
Altitude  Bands,  Comparison  of  ill  CAT  vith  TN  l)-eh8 


DISTANCE  IN  TURKJIiEICS  — 1000  MUSS  DISTANCE  XH  TURBULENCE —  100C  MILES 


(A)  HICAT  TURBULENCE  MILES  IN  ALTITUDE  BANDS 


NOTE:  DATA  AVAILABLE  IN  ALTITUDE 
RANGE  OF  1»5,OCO  -  70,000  FT 

TOTAL  TURBULENCE  MILES :  13,020 


30  UO  50 

ALTITUDE  —  1000  FT 


(B)  Mi  D-5**fl  TURBULENCE  MILES  IN 
ALTITUDE  BANDS 

NOTE:  DATA  AVAILABLE  IN  ALTITUDE 

_ RANGE  OF  20,000- _ 

75,000  FT 

TURBULENCE  MTLE8  .  _ 

TOTAL:  5130 

ABOVE  ^5,000  FT:  2920 
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30  40  50 

ALTITUDE -1000  FEET 


Figure  26.  Distribution  of  Turbulence  Miles  by  Altitude  Band 
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OUST  VELOCITY  SBECTRA 
OUST  VELOCITY  SEECTRA  PLOTS 

Tha  plots  of  the  power  spactra  of  the  vertical,  lateral,  and  longitudinal  gust 
velocity  components  are  presented  in  Appendix  VII.  Figure  29  of  this  section 
shows  typical  exwnples  of  vertical,  lateral,  and  longitudinal  Bpectra.8  Note 
that  the  rms  gust  veloaity  characterizing  the  entire  spectrum  as  well  aB  the 
rms  values  for  various  intermediate  wavelength  cutoffs  are  tabulated  on  the 
plots.  The  intermediate  wavelength  cutoffs  are  abbreviated  by  dropping  the 
thousands,  (i.a.,  1  =  1000  ft,  2  =  2000  ft,  etc.).  Figure  30  compares  the 
overall  envelope  of  all  the  HICAT  spectra  with  those  obtained  from  the  Douglas 
NB-66B  High  Altitude  GuBt  survey  (Reference  9)  and  the  Australian  TOPCAT 
program  (Reference  10 ).  The  HICAT  spectra  overlay  the  TOPCAT  spectra  which 
were  also  clear  air  but  fall  considerably  bo  low  the  upper  limit  of  the  B -66 
thunderstorm  data,  as  might  be  expected. 

MATHEMATICALLY  DEFINED  GUST  VELOCITY  POWER  SPECTRAL  DENSITY  CURVES 

For  use  in  aircraft  design,  as  well  aB  for  comparison  of  measured  data  with 
various  proponed  thooriea ,  it  is  often  desirable  to  represent  atmaspherio 
turbulence  power  spectral  density  curves  by  me&nB  of  mathematical  expressions. 

Current  theories  indicate  that,  over  a  frequency  range  comparable  to  that 
studied  in  the  HICAT  program,  the  gust  velocity  power  spectra  are  likely  to  be 
characterized  by  the  following  1 

•  At  very  low  frequencies,  a  power  spectral  density  that  does  not  vary 
with  frequency. 

e  At  high  frequencies,  a  power  spectral  deiwiiy  that  varies  inversely 
aB  some  constant  power  of  frequency, 

•  A  transition  between  these  two  regiona. 

The  mathematical  expressions  that  are  most  frequently  proposed  to  represent 
gUBt  velocity  power  spectral  densities  are  generally  in  a  form  such  that  the 
high-frequenoy  exponent  ar.d  the  nature  of  the  transition  are  defined.  These 
expressions,  however,  generally  contain  two  parameters  to  which  any  desired 

values  muy  be  osoignod.  One  of  those  parameters,  the  rtnu  value  of  the  gust 
velocity  (mw),  measures  the  intensity  of  the  turbulence, oml  the  other  (usually 

designated  by  the  symbol  L  and  called  the  scale  of  turbulence)  is  a  shape 
parameter  that  defines  the  frequency  ac  which  the  transition  occurs  between 
the  horizontal  and  sloping  regions  of  the  curve  on  the  usual  log  plot. 


Tho  gust  velocity  time  history  from  which  thenc  J iX CAT  speotru  worn  obtained 
appears  in  Figures  l^i  and  19 . 
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Figure  30.  Comparison  of  Gust  Velocity  Power  Spectral  Envelopes 


To  assist  in  finding  simple,  mathematically-defined  curves  that  best  fit  the 
measured  shapes,  several  families  of  curves  are  Bhown  in  Appendix  VIII, 

These  are  plotted  to  the  same  scales  as  the  measured  curves  in  Appendix  VII 
to  facilitate  comparison  (e.g.,  by  vellum  tracing).  All  are  arbitrarily  shown 
at  a  level  such  that  the  high-frequency  asymptote  passes  through  a  power 

spectral  density  (pad)  value  of  10J  (fps)  /cpf  at  a  frequency  of  10”'3  cpf. 

Three  basic  families  are  included.  For  each  basic  family,  curves  are  provided 
for  high-frequency  exponents,  (m)  of  -1,  -1/6,  -4/3,  -3/2,  -5/3,  -11/6,  and 
-2,  respectively.  For  each  value  of  n,  curves  are  shown  for  scales  of  tur¬ 
bulence,  (L)  of  500,  1000,  2000,  4000,  and  8000  ft,  and®.  Figure  31  in 
this  section  compares  the  three  families  for  an  m  of  -5/3  and  an  L  ol'  1000  ft 
and  ®. 

The  first  family  includes  both  the  Von  Karman  Bpectrum  (exponent  ■  -5/3)  and 
the  Dryden  spectrum  (exponent  ■  -2)  as  speoial  cases.  The  basic  equations  for 
•this  family  are  given  by  Taylor  in  Reference  11;  he  credits  N.  I.  Bullen 
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Figure  31*  Comparison  of  Three  Mathematically  Defined  duet  Powe 
Spectral  Density  Curves,  m  «  -1.667,  L  '■  1000  ft  and  .o 
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with  suggesting  their  use.  Accordingly,  this  family  is  designated  herein  the 
Taylor-Bullen  family.  The  general  form  of  the  equation  for  thiB  family  is 


*(R) 


tr2L  [l  +  2(n  +  l)  b2  (til)2 

17  fl  »■  b2  (nL)2  ]  "  +  3/2 


(1) 


where  n  is  related  to  the  slope  of  the  high  frequency  asymptote  on  the  log-log 
plot,  m,  as  follows: 

n  ■  ~  (-m  -  1) 


or  conversely. 


m  *»  -1  -  2n 


and  b  is  defined  by 


yitP(n  +  1/2) 


and  is  equal  to  X/L  times  the  constant,  a,  used  by  Taylor.  Values  of  n,  b, 
2 

and  b  for  the  curves  shown  herein  are  as  follows : 


m 

n 

_b 

bf. 

-1 

0 

aj 

cd 

-7/6 

1/12 

It.  10 

16.81 

A/3 

1/6 

2.318 

5.3T3 

-3/2 

lA 

1.671 

2.792 

-5/3 

1/3 

1.335 

1.793 

-11/6 

5/12 

1.135 

1.297 

-2 

1/2 

1.000 

1.000 

The  resulting  equations  are; 

v  -  1: 

*(«) 

=  (Constant)  — 

7 

m  - 

*(n) 

‘  2t 
a  L 

V  - 

fl  +  36.U2  (f2L)2] 

7T 

[1  +  16.81  (HL)2]  19/1^ 

it 

m  m  * 

*(n) 

(1  +  12.57  (HL)2] 

•1*  ^  * 

TT 

[1  +  5.37  (TIL)2]  ^ 

Section  VI 


m  - 

*(n) 

<t2L 

tr 

m  ■  - 

*(R) 

(T2  L 

TT 

■  ■  -  1it 

®(n) 

(T2L 

m  1  1  ■ 

TT 

m  ■  -  2i 

®(n) 

<r2  L 

IT 

[1  +  7,00  (QL f) 

ix  t  £.<ju  yiiuj  J 


[l  +  4.78  (QL)2] 
[1  +  i.79  (fiL)2] 


[1  +  3.69  («L)2] 

[1  +  1.30  («L)2]  22^ 


[l  +  3.00  (»L)2] 
tl  +  (HL)2]  2 


This  family  of  equations,  as  proofed  by  Bulles  and  Taylor,  applierc  to  the 
component  of  turbulence  perpendicular  to  the  direction  of  traverse,  i.e,,  to 
vertical  and  lateral  gusts  as  measured  in  the  H1CAT  program.  Their  correspond¬ 
ing  equation  for  the  component  of  turbulence  in  t.he  direction  of  traverse  - 
designated  the  longitudinal  component  in  the  HICAT  program  -  is 


*(n) 


;:<r 


[1  +  b  (RL) 


2,  n  +  1/2 


(2) 


Curves  are  not  shown  herein  for  this  equation. 

The  second  family  is  designated  the  sharp-knee  family.  This  shape  differs  most 
conspicuously  from  tha  Taylor-Bullen  shape  in  that  the  small  hump  to  the  left 
of  the  knee  is  eliminated.  In  addition,  the  frequency  at  which  the  knee  occurs 
remains  about  the  same  for  all  valueB  of  m  from  -1  to  -2;  in  contrast,  the  knee 
in  the  Taylor-Bullen  family  shifts  to  much  lower  frequencies  as  m  approaches 
-1.  The  equation  is  b imply 


«  (n)  -  (3) 

l  +  (nL)"“ 

where  (-m)  ■  1,  7/6,  4/3,  3/2,  5/3,  11/6,  and  2.  For  the  special  case  of 
m  »  -2,  this  equation  is  identical  to  equation  (2). 

The  third  family  is  designated  the  mild-knee  family.  The  equation  is 

*((!)  .  Constant 

(1  +  nL)“m 

For  the  special  case  of  m  *  -2,  this  family  yields  the  equation  proposed  by 
Lapps  In  Reference  12.  The  presence  of  a  first-degree  term  in  the  denominator 
(with  m  ■  -2)  results  in  a  much  milder  knee.  The  sharp-knee  and  mild-knee 
families  become  more  alike  aa  (-m)  decreases,  and  they  are  Identical  when 
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m  «  -i.  At  the  frequency  defined  by  the  intersection  of  the  low-frequency 
(horizontal)  and  high  frequency  asymptotes,  ratios  of  actual  pad  to  the  value 
defined  by  the  Intersection  are  an  follows: 


m  =  -2 


m  a  -h/3 


in  ■»  -1 


Sharp-knee  family  .50 

Mlld-knee)  family  .25 


.  50  •;  50 

.40  .50 


AVERAGE  SPECTRAL  SHAPE 


It  can  be  observed  that  the  shapes  of  the  gust  velocity  power  spectra  shown 
in  Appendix  VII  display  considerable  variability.  As  a  result,  Borne  Bort  of 
averaging  of  the  many  curves  is  desirable.  Various  ways  of  obtaining  such  an 
average  are  possible.  One  possibility  would  be  to  normalize  all  the  curves 
to  a  consistent  intensity  level  (by  dividing  by  irw2)  and  take  a  simple 
average.  However,  a  somewhat  different  approach,  which  appears  to  offer 
several  distinct  advantages,  is  used  herein. 


This  approach  can  best  be  understood  by  following  the  detailed  description  of 
its  application  to  the  HIC.VT  data,  given  below.  A  brief  summary  at  this  point, 
however,  is  pertinent.  From  the  many  power  spectral  density  (pad)  ourves  that 
are  to  be  averaged,  a  cumulative  probability  curve  is  prepared  of  the  psd 
values  read  at  a  given  frequency  (inverse  wavelength).  This  process  is 
repeated  for  various  frequencies  covering  the  range  of  interest.  A  proba¬ 
bility  level  is  then  selected,  and  the  psd  value  corresponding  to  this 
probability  is  read  from  each  curve.  Each  of  the  psd  values  read  corresponds 
to  a  different  frequency,  and  a  plot  versus  frequency  gives  the  desired 
average  pHd  curve. 


The  advantages  of  this  approach  are  the  following! 

•  Under  the  noi’malizing  and  averaging  approach,  turbulence  of  all 
intensities  contributes  equally  to  the  averages.  But  very  mild 
turbulence  is  of  negligible  importance  to  airplane  design  and  is  much 
more  subject  to  inaccuracy  of  measurement.  It  is  therefore  desirable 
to  look  separately  at  turbulence  at  various  intemity  levels.  This  is 
accomplished  under  the  cumulative  probability  approach  simply  by 
reading  power  3pectral  densities  from  the  probability  curves  at  more 
than  one  probability  level. 

•  In  normalizing  the  power  Bpectral  densities  in  preparation  for  averag¬ 
ing,  the  vertical,  lateral,  and  longitudinal  gust  pywi.r  spectral  densi¬ 
ties  would  ordinarily  each  be  normalized  by  dividing  by  their 
individual  try*"  value.  A  direct  comparison  of  intensities  in  the 
three  directions  is  thus  lost. 

e  Because  of  uncertainty  in  measuring  the  very  long  wavelength  components 
of  the  turbulence,  the  true  rms  value  is  quite  uncertain.  The  appro¬ 
priate  rms  to  use  for  normalizing,  thorofore,  is  an  arbitrary  one 
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obtained  by  integration  of  the  pad  between  appropriate  limits .  The 
value  obtained  will  differ  materially  depending  upon  the  limits 
selected.  For  example,  the  trw  value  obtained  by  integration  with  a 
lower  limit  at  X  *  40,000  ft  may  be  2  to  3  times  that  obtained  using 
a  lower  limit  of  2000  feet.  'fhiB  vast  difference  in  rms  value  that 
may  be  used  to  describe  the  same  patch  of  turbulence  has  led  to  much 
confusion  in  the  past.  To  minimize  suoh  confusion,  great  oaro  is 
required  in  the  use  of  rms  values,  and  wherever  their  use  can  be 
avoided,  It  would  appear  desirable  to  do  so. 

■  The  procedure  in  which  average  pad  curves  are  obtained  from  cumulative 
probabilities  is  believed  to  be  particularly  appropriate  for  arriving 
at  a  spectral  shape  for  design  use.  For  example,  consider  two  air¬ 
planes.  Airplane  A  feels  predominantly  gust  frequencies  over  a  narrow 
band  in  the  vicinity  of  X  =  400  ft,  and  airplane  B  over  a  narrow  band 
in  the  vialnity  of  X  *  20,000  ft.  The  design  loads  obtained  for  these 
two  airplanes  will  depend  upon  the  design  gust  power  spectral  densities 
at  their  respective  frequencies.  If  design  power  spectral  density 
curves  utilize  average  shapes  obtained  as  described  above,  the  design 
power  Bpectral  density  values  will  be  axoeeded  with  the  same  proba¬ 
bility  for  both  airplanes,  regardless  of  what  turbulence  intensity  may 
be  selected  as  a  design  level.  Clearly,  the  two  airplanes  will  be  of 
consistent  strength,  as  desired;  the  possible  variation  of  spectral 
shape  from  one  patch  of  turbulence  to  another  is  quite  unimportant. 

While  real  airplanes  generally  respond  over  broader  frequency  bands 
than  assumed  in  this  illustration,  the  general  line  of  reasoning  still 
applies  and  the  same  conclusions  hold. 

The  spectra  chosen  for  analysis  of  the  HICAT  data  are  listed  in  Table  IV. 

With  a  few  exceptions,  those  runs  were  excluded  for  which  the  RMB  2  values  of 
vertiaal,  lateral,  and  longitudinal  gust  velocities  were  all  less  than  1  fps. 
Others  were  excluded  where  there  were  obvious  instrumentation  malfunctions,  or 
when  the  spectral  shapes  differed  greatly  from  the  norm  and  an  instrument  mal¬ 
function  could  not  be  definitely  ruled  out.  Otherwise,  all  power  spectra 
curves  obtained  are  included. 

First,  all  of  the  power  spectra  were  faired  to  eliminate  obvious  Irregularities 
such  as  the  closely  spaced  oscillations  at  the  high  frequency  end.  For  the 
most  part,  at  the  low  frequency  end  the  curves  were  left  unfaired  from  the 
lowest  frequency  to  a  frequency  four  or  five  times  this  value,  with  the  fairing 
becoming  progressively  heavier  as  the  frequency  increased  beyond  this  point. 

A  typical  example  of  how  the  curves  were  faired  is  shown  in  Figure  32> 

The  faired  curves  were  then  read  at  frequencies  corresponding  to  wavelengths 
of  200,  400,  1000,  2000,  4000,  10,000,  20,000,  and  40,000  feet.  It  will  be 
observed  tnat  all  of  the  measured  spectra  provide  data  at  wavelengths  of  200, 
400,  1000,  and  2000  feet,  while  progressively  fewer  curves  extend  to  wave¬ 
lengths  of  4000,  10,000,  20,000,  and  40,000  feet. 

At  each  of  these  frequencies,  cumulative  probability  curves  of  power  spectral 
density  (psd)  were  prepared.  In  obtaining  each  probability  distribution,  the 
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Figure  32.  Kxnsnplo  of  Fairing  of  riunt  Velocity  Power  flpMotruJ 
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pad  values  read  were  grouped  into  7  roughly  equal  bands.  Inasmuch  as  the 
longer  runs  actually  represented  larger  samples  of  data,  the  various  runs 
were  weighted  by  length  in  accordance  with  the  following  tuole: 


Actual 

run. 

duration  of 
in  minutes 

Assumed  duration  of 
run,  in  minutes 

Resulting  number  of 
times  counted 

1. 

33-3 

2 

1 

3 

-  5 

U 

2 

5 

-  7 

6 

3 

7 

-  9 

8 

1* 

9 

•  -  11 

10 

5 

11 

-  13 

12 

6 

13 

-  16 

lU 

7 

The  resulting  cutvob  are  phown  in  Figures  .33  through  35. 

Figure  33  includes  only  wavelengths  (X)  from  200  through  2000  feet  ana  utilizes 
data  from  ail  the  runs  listed  in  Table  IV.  Figure  3^  extends  to  a  wavelength 
of  10,000  feet;  in  preparing  these  curves,  only  those  runs  were  included  for 
which  psd  values  were  available  a+  X  =  10,000  ft.  Because  of  the  much  smaller 
•ample  Bine,  these  curves  are  muen  less  regular  and  it  was  much  more  difficult 
to  establish  with  confidence  a  faired  curve  to  represent  the  data,  Figure  35 
extends  to  a  wavelength  of  1*0,, 000  feet,  for  the  vertical  gust  component  only. 
This  sample  Bize  was  so  small  and  the  curves  so  irregular  that  it  appeared  that 
these  data  would  not  be  of  use.  Accordingly,  the  corresponding  curves  for  the 
lateral  and  longitudinal  gust  components  were  not.  prepared. 

In  Figure  33,  each  of  the  cumulative  probability  curveB  waB  faired  by  means  of 
a  straight  line,  as  shown.  PBd  values  were  read  as  indicated  by  the  pluB 
symbols,  at  probabilities  of  .01,  .1,  and  .5.  The  values  at  probabilities  of 
.01  and  .1  we, re  read  from  the  straight  line;  at  o.  probarility  of  .5,  however, 
where  each  point  represented  a  large  sample,  the  value  was  read  from  the 
actual  straight  line  segment  through  the  plotted  points. 

At  each  of  the  three  probability  levelB,  the  psd  values  thus  read  were  then 
plotted  versus  inverse  wavelength  to  give  Figure  36.  An  average  psd  curve 
was  thus  obtained  at  each  of  three  probability  levels.  The  curves  correspond¬ 
ing  to  the  lower  probability  levels  are  most  pertinent  for  direct  practical 
application,  as  they  reflect  the  more  severe  turbulence.  The  curves  corres¬ 
ponding  to  the  higher  probability  levels,  however,  are  based  on  much  more 
data  and  are  statistically  more  reliable. 

For  both  vertical  and  longitudinal  gust  velocities  (in  Figure  36),  the  psd 
curves  for  the  three  intensities  are  straight  and  parallel.  The  slopes, 
especially  for  the  vertical  gust  velocity,  are  somewhat  shallower  than  the 
-1.67  and  -2.00  values  currently  used  in  design  and  analysis. 
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Figure  3^.  Cumulative  Probability  of  Power  Spectral  Density,  Vertical 
Lateral,  and  Longitudinal  Gusts,  Maximum  X=  10,000  ft, 
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Figure  35.  Cumulative  Probability  of  Power  Spectral  Density,  Vertical 
Gust,  Maximum  \  =  40,000  ft 


36.  Average  Paver  Spectral  Density  Based  on  Cumulative  Probability 

Maximum  A.  =  2000  ft  y'' 
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TABt-.fi  IV.  RUKS  USED  FOR  ANALYSIS 
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RUN 

DATA  USED 

TEST 

RUN 
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For  the  lateral  guat  velocity,  the  dope  is  comparable  to  that  for  the 
longitudinal  gust  velocity,  hut  varies  slightly  vith  protahility  level.  Also, 
the  curves  in  thiB  case  are  not  quite  straight.  A  mild-knee  shape  (as  defined 
previously  in  this  section  under  Mathematically  Defined  Power  Spectral  Density 
Curves)  with  scale  of  turbulence  of  1000  feet  gives  a  good  fit}  the  curvature 
is  so  slight,  however,  that  a  scale  of  turbulence,  L,  la  not  well  defined. 

The  cumulative  gust  probability  curves  of  Figure  34  were  treated  in  the  same 
way  &b  the  corresponding  curves  of  Figure  33  except  that  only  two  of  the  three 
probability  levelB  could  bs  read.  The  resulting  power  spectral  densities  are 
shown  in  Figure  37.  The  trends  are  quite  similar  to  those  shown  in  Figure  36. 
However,  the  slight  curvature  in  the  lateral  gust  curves  remains  slight  as  the 
frequency  range  is  extended  to  the  longer  wavelengths ;  the  indicated  scale  of 
turbulence  is  at  least  4000  feet. 
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'igure  37-  Average  Power  Spectral  Density  Based  on  Cumulative  Probability,  Vertical  Gust. 

Maximum  X  =  10,000  ft 
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The  cumulative  probabilities  shown  in  Figure  35  are  so  Irregular  that  somewhat 
more  judgment  seems  necessary  in  reading  the  faired  values  at  the  two  proba¬ 
bility  levels;  consequently,  it  will  be  noted  that  the  rules  followed  in  the 
other  cases  are  not  strictly  adhered  to.  The  resulting  psd  curves  ore  shown 
on  Figure  30.  Despite  the  considerable  leeway  in  reading  values  from  the 
probability  curves,  the  scatter  of  the  points  on  the  psd  plots  is  not  excessive. 
The  curves  retain  the  relatively  shallow  slope  shown  in  the  vertical  gust 
curves  j  n  Figure  "i6  and  37 >  and  are  straight  through  the  full  range  of  wave¬ 
lengths .  The  indicated  scale  of  turbulence  is  at  least  8000  feet. 

Because  of  the  very  small  sample  of  psd  curves  extending  to  X  =  40,000  ft  and 
the  resulting  irregularity  of  the  cumulative  probability  curves,  average 
power  spectral  densities  over  this  range  were  also  obtained  by  taking  simple 
averages  of  the  psd  values  at  the  same  eight  wavelengths.  The  seme  weighting 
factors  for  length  of  run  were  used  as  in  obtaining  the  cumulative  probability 
curves  of  Figures  33  through  35*  Since  the  power  spectral  densities  were  not 
normalized  before  averaging,  the  various  runs  were  also,  in  effect,  weighted 
heavily  according  to  intensity.  This  weighting  is  beneficial,  since  the 
more  severe  turbulence  is  more  important  for  design  and  ita  measurement  is 
inherently  more  accurate.  The  range  of  rms  values  for  the  nine  runs  was 
approximately  a  factor  of  2  for  RMS  2  and  2.5  for  RMS  1+0. 

The  power  spectral  densities  obtained  in  this  way  are  shown  in  Figure  39 •  For 
the  vertical  gust  velocity,  the  aurve  agrees  almost  exactly  in  shape  with  the 
curves  obtained  from  the  cumulative  probabilities  as  shown  in  Figure  38.  All 
three  curves  obtained  by  the  direct-average  method  are  essentially  straight 
over  the  full  range  of  wavelengths. 

Similar  comparisons  of  the  average  spectra  for  the  vertical,  lateral,  and 
longitudinal  components  of  turbulence  for  X  =>  2000  and  X  =  10,000  ft  are  shown 
in  Figure  4-0.  The  curves  compared  ere  those  for  h  cumulative  probability  of 
0.1  previously  shown  in  Figure  36. 

In  assessing  the  spectra  shown  in  Figures  33  to  40,  it  is  felt  that  the  data 
up  to  wavelengths  of  10,000  (and  possibly  extrapolated  to  12,000  or  15,000  feet) 
provide  valid  representations  of  the  atmosphere  •  At  wavelengths  of  20,000  feet 
and  above  the  situation  is  less  clear  because  the  data  sample  is  much  smaller, 
the  gust  intensity  level  is  considerably  less,  and  the  possibility  of  some 
extraneous  influence  is  correspondingly  greater.  However  over;  those  latter 
spectra  are  believed  to  be  conservative  from  /•  design  standpoint. 

SPECIAL  STATISTICS 

PROBABILITY  DISTRIBUTIONS  OF  RMS  G03T  VELOCITY 

Probability  distributions  of  rms  values  of  1he  three  components  of  absolute 
gust  velocity,  for  the  runs  identified  in  Table  IV,  arc  shown  in  Figures  4l 
and  42. 

Cumulative  probability  distributions  rather  than  probability  densities  are 
shown  because  this  form  of  presentation  is  more  amenable  to  drawing 
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figure  39.  Direct -Average  Power  Spectral  Density,  3  Components 

Maximum  K.  =  40,000  ft 
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Figure  ItOA.  Comparison  of  Power  Spectral  Densities  for  3  Components 
Cumulative  Probability  of  .  1,  Maximum  X  =  2000  ft 
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quantitative  conclusions.  For  any  given  rms  gust  velocity  the  cumulative 
probability  read  from  the  appropriate  curve  is  the  probability  that  thv  given 
rms  gust  velocity  is  exceeded. 

The  rms  gust  velocities  upon  which  these  curves  are  based  are  the  values 
obtained  by  integrating  the  power  spectral  densities  over  the  frequency  range 
from  .0005  cycles  per  foot  (  X=  2000  ft)  to  the  highest  frequency  at  which 
the  power  spectral  densities  were  defined,  corresponding  to  5.00  cps  and 
averaging  about  .007  cycles  per  foot.  The  low  frequency  limit  of  integration  ' 
was  selected  as  the  lowest  frequency  common  to  all  the  power  spectral  densities 
obtained.  To  convert  to  rms  values  that  would  be  obtained  if  various  shapes 
of  power  spectral  density  function  were  fitted  to  the  data  and  the  integration 
carried  out  from  zero  to  Infinite  frequency,  the  RMS  2  values  would  be  multi¬ 
plied  by  approximately  the  following  factors: 


Spectral  Shape  Factor 


Von  Karman,  L  =  2500  ft  2.48 
Dryden,  L  =  1000  ft  1.97 
Dryden,  L  =  2000  ft  2  <72 


These  were  obtained  from  the  theoretical  curves  noted  by  evaluating  the  ratio 


yj  J  d\2n/ 


In  obtaining  the  probability  distributions,  the  variation  in  length  of  runs 
was  accounted  for  approximately  by  weighting  the  various  runs  as  follows: 


Actual  duration  of 
run,  in  minutes 

Assumed  duration 
of  run,  in  minutes 

Resulting  number  of 
times  counted 

1.33 

■  3 

2 

1 

3 

-  5 

4 

2 

5 

-  7 

6 

3 

7 

-  9 

8 

4 

9 

-  11 

10 

5 

11 

-  13 

12 

6 

13 

-  16 

14 

7 

The  probability  distributions  3hown  apply  to  the  flight  time  included  in 
"runs"  aa  defined  under  Data  Editing  in  Section  V,  and  of  80  seconds 
or  more  duration.  To  convert  to  a  basis  of  total  flight  time,  all  of  the 
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curves  would  be  shifted  down  in  roughly  the  ratio  .045,  which  is  the  ratio  or 
time  in  runs  of  80  seconds  or  more  durst ion  to  the  total  flight  time  for  which 

data  are  available. 

The  flatness  of  all  the  curves  for  rms  gust  velocities  below  about  .5  to  1.0  fps 
la  due  at  least  in  part  to  excluding  data  in  very  mild  turbulence  -  that  is, 
turbulence  yielding  peak  eg  accelerations  less  than  about  O.lg. 

Figure  41  includes  data  from  all  runs  shown  in  Table  IV.  In  order  to  provide 
a  more  reliable  basis  for  Judging  the  relative  intensity  of  turbulence  in  the 
three' directions,  the  probabilities  vert  recomputed  using  only  those  runs  for 
which  data  were  available  for  all  three  directions,  as  indicated  in  Table  IV. 

The  results  are  shown  in  Figure  42.  On  this  basis,  the  ratios  between 
various  pairs  of  curves  are  seen  to  be  somewhat  more  consistent  with 
probability  level. 

It  should  be  emphasized  that  each  rms  value  utilized  in  preparing  theBe  figures 
waB  an  overall  value  for  a  given  run,  and  that  in  many  of  the  runs  the  rms 
gust  velocities  varied  significantly  during  the  run.  If  this  variation  were 
to  be  taken  into  aouount,  the  probability  distributions  would  Bhow  much  higher 
rms  values  at  the  low  probability  levels.  ThiB  phenomenon  is  discussed  in 
detail  under  Stationarity , 

ISOTROPY 

Knowledge  of  the  probable  isotropy  of  turbulence  is  important  chiefly  to 
provide  answers  to  the  following  questions: 

e  First,  Should  the  turbulerce  intensities  used,  for  design  be  the  same 

for  the  three  components  of  turbulence,  vertical,  lateral,  and  longitudi¬ 
nal?  This  question  is  important  because  design  levels  are  ordinarily 
based  primarily  upon  measurement  of  airplane  center-of-gravity  normal 
acceleration  during  a  great  many  hours  of  routine  operational  flight . 
Thus,  the  design  intensity  of  the  vertical  component  of  gust  velocity 
is  established  fairly  directly,  The  determination  of  realistic  design 
intensities  of  the  lateral  and  longitudinal  components  must  depend 
upon  more  oomplete  data  from  a  much  smaller  sample,  such  ns  provided 
by  the  HICAT  program. 

•  Second,  Should  the  airplane  be  considered  to  be  subjected  to  the  doslgn 
intensity  of  all  three  components  of  turbulence  simultaneously,  or 
when  one  component  is  at  its  maximum  is  it  probable  that  the  intensJ- 
ties  of  the  other  two  will  be  significantly  lower? 

The  isotropy  of  the  turbulence  measured  in  the  HICAT  program  is  indicated  in 
this  report  in  three  ways. 

First,  rras  values  of  the  tlir-es  components  of  gust  velocity  can  be  read  from 
the  cumulative  probability  curves  of  Figure  41  or  Figure  4-2  at  a  given 
probability  level  and  the  pertinent  ratios  calculated.  For  this  purpose, 
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Figure  42  is  considered  the  more  appropriate,  as  the  three  curves  there  were 
obtained  from  exactly  the  same  runs . 

It  is  seen  first  that  the  ratio  of  longitudinal  to  lateral  gust  velocity  1b 
roughly  0.93  throughout  the  probability  range.  For  isotropic  turbulence,  ratios 
of  she  longitudinal  component  to  the  lateral  or  vertical  component  in  the  con¬ 
stant  exponent  region  of  the  pad  depend  upon  the  exponent  and  have  the  follow¬ 
ing  theoretical  values: 

Ratio  of  longitudinal 
Ratio  of  longitudinal  to  lateral  Bpectral 

Exponent  to  lateral  pad  rma  velocities 


-2 

2/3 

.010 

-5/3 

3/4 

.066 

-3/2 

4/5 

.095 

-4/3 

6/7 

.926 

-1 

1 

1.000 

The  value  0.93  is  in  good  agreement  with  the  theoretical  valueB  in  the  pertinent 
range  of  exponents,  namely  -5/3  to  -3/2.  This  agreement  is  gratifying,  in  that 
the  direction  of  flight  through  the  turbulence  presumably  is  random,  and  there¬ 
fore,  on  the  average,  the  turbulence  should  appear  isotropic  in  the  horizontal 
plane . 

In  comparing  the  vertical  component  with  the  lateral  or  longitudinal,  isotropy 
does  not  appear  to  be  so  necessary,  as  the  mechanism  generating  the  turbulence 
might  well  be  inherently  directional.  Figure  42  indicates  a  ratio  of  lateral 
to  vertical  rms  values  ranging  from  about  1.45  at  the  higher  probability 
(lower  intensity)  levels  to  about  1.20  at  the  low  probability  levels . 

Second,  in  order  to  determine  whether  the  isotropy  picture  is  the  same  at  all 
frequencies  (inverse  wavelengths),  the  comparative  psd  plots  shown  in 
Figures  39  and  4o  can  be  examined.  Figure  40A, which  represents  the  largest 
sample  of  data,  indicates  that  all  three  components  have  about  the  same 
intensity  (as  measured  by  psd)  at  the  1  \ortest  wavelength  at  which 
measurements  were  made  (100  to  150  i'eot).  Both  figures  show  the  vertical 
component  to  decrease  in  intensity,  relative  to  the  lateral,  as  the  wavelength 
increases. 

The  above  approaches  give  information  pertinent  to  answering  the  first  question 
posed,  i.e.,  what  relative  intensities  of  vertical  and  lateral  gust  are  appro¬ 
priate  for  design?  It  does  not,  however,  shed  any  light  on  the  isotropy  of 
individual  patches  of  turbulence. 

For  this  latter  purpose,  as  well  as  to  obtain  an  independent  indication  of  the 
average  ratios  amongst  the  three  components,  a  third  approach  was  followed. 
Ratios  of  longitudinal  to  lateral,  lateral  to  vertical,  and  longitudinal  to 
vertical  spectral  rms  gust  velocities  were  obtained  for  all  the  available  runs 
listed  in  Table  IV.  Probability  distributions  of  these  ratios  were  then 
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obtained,  weighted  according  to  duration  of  run  aa  described  previously 
in  the  paragraph  entitled  Probability  Distributions  of  RMS  OuBt  Velocity. 

Plots  of  these  probability  distributions  on  probability  paper  are  shown 
in  Figures  43  through  45.  The  probability  Indicated  by  the  curves  is  the 
probability  that  the  ratio  is  less  than  the  indicated  value. 

A  Gaussian,  or  normal  probability  is  indicated  by  a  straight  line  on  such  a 
plot.  The  value  of  the  variable  at  a  probability  of  50  percent  is  the  mean, 
ffiie  difference  between  the  mean  and  the  value  read  at  a  probability  of  15-9 
or  84.1  percent  is  the  standard  deviation. 

The  probability  distributions  for  ratios  of  RMS  2  values  are  shown  in 
Figure  43. 

The  distribution  for  the  ratio  of  longitudinal  to  lateral  rms,  shown  in 
Figure  43,  is  almost  a  straight  line.  The  mean  value,  0.88,  1b  in 
reasonable  agreement  with  the  ratio  of  0.93  indicated  by  FigUi'C  42.  In 
70  percent  of  turbulenoo  encounters,  it  would  be  expected  that  the  ratio  of 
longitudinal  to  lateral  intensities  would  lio  between  0.88  -  0.l4  =  O.'iZ  and 
0.88  -r  0.14  =  1.02. 

The  distribution  for  the  ratio  of  lateral  to  vertical  rms  also  is  shown  in 
Figure  4-3.  At  the  high  values  of  the  ratio,  the  data  depart  markedly  from  a 
straight  line.  Test  and  run  numbers  for  the  data  defining  this  part  of  the 
curve  ere  indicated.  Testa  70-3  and  73“5  both  have  RMS  2  values'  well  below 
1  fpa  and  as  a  result  should  perhaps  not  have  been  included.  Unfortunately, 
this  type  of  presentation  gives  equal  importance  to  all  intensity  levels.  In 
contrast,  in  Figure  42,  a  few  extreme  values  of  the  ratio  of  lateral  to 
vertical  rms,  if  occurring  at  low  intensity  levels,  are  submerged  by  the  many 
more  occurrences  of  near “average  values . 

Emmination  of  the  rest  of  the  lateral  to  vertical  curve  in  Figure  43  indicates 
a  fairly  good  straight  line  fit,  with  an  indicated  mean  of  1.45.  This  agrees 
with  the  ratio  obtained  at  a  probability  of  about  0.5  from  Figure  42.  The 
variation  of  the  ratio  with  turbulence  intensity,  shown  in  Figure  42,  is  quite 
possibly  a  real  effect,  and  the  presentation  of  Figure  43  inherently  is 
dominated  by  the  lower  intensitios,  of  less  interest.  The  standard  deviation 
Bhown  in  Figure  43  indicates  that  in  70  percent  of  turbulence  encounters  the 
ratio  of  lateral  to  vertical  intensities  should  be  between  1.24  and  1.66. 

The  above  discussion  of  the  ratio  of  lateral  to  vertloal  applies  generally  to 
the  longitudinal- to-vertical  curve  in  Figure  43  altheu  "the  CtiuTVC  llCtuTu  AO 
quite  aa  straight.  The  lower  value  of  the  mean,  1.32  as  compared  with  1.45, 
is  consistent  with  a  mean  of  less  than  1.00  on  the  longitudinal-to-lateral 
curve. 

Corresponding  probability  distribution  curves  based  on  RMS  10  and  RMS  40  values 
are  shown  in  Figures  44  and  45,  respectively.  These  are  not 
different  from  the  curves  based  on  RMS  2,  The  mean  values  of  the  ratios  of 
lateral  and  longitudinal  to  vertical  rms  gust  velocities  are  somewhat  greater, 
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arid  the  standard  deviations  aiso  ere  greater,  The  extreme  departures  from 
the  straight  line  the  high- ratio  end  do  not  appear  at  HM3  10,  but  are 
present  again  at  RMfc'  to. 

aiATiOHARimr 

The  term  statlonarlty  as  used  In  thin  report  refers  to  that  property  of  a 
time  history  for  which  the  statistical  parameters,  such  as  the  mean,  th.« 
root-mean-square  (mis)  value,  the  puwer  spectral  density,  and  so  on,  do  not 
change  with  time. 

In  any  application  of  measured  rms  gust  veloaity  values  to  structural  design 
or,  perhaps  to  a  lesser  degree,  to  ride  comfort,  statlonarlty  of  the  sample 
Is  of  major  importance.  This  Is  because  of  the  effect  statlonarlty  has  upon 
the  relationship  of  peak  values  of  load  or  acceleration  to  rms  values.  Rms 
values  are  of  use  only  as  a  means  of  determining  expected  peck  values.  For 
establishing  the  strength  needed  to  withstand  one-time  loading,  on  either  a 
"limit"  or  an  "ultimate"  basis,  the  peak  velue  expected  once  in  some  very  long 
time,  such  as  the  desired  life  of  the  airplane,  is  needed.  For  evaluating 
resistance  to  structural  fatigue,  the  expected  frequency  of  occurrence  of 
pe-iks  over  a  wide  range  of  load  levels  is  required. 

Prediction  of  load  peaks  due  to  turbulence  Is  invariably  based  upon  Rice's 
equation,  which  relates  frequency  of  exaeedanae  to  load  level  and  rms  value: 


N(y)  -  Nq 


-i<wVe 


where 


y 

°y 

N(y) 


N 


o 


any  load,  stress,  or  other  quantity  varying  with  time 
rms  value  of  y 

average  number  of  crossings  per  unit  time,  with  positive  slope, 
of  the  value  y 

characteristic  frequency,  equal  to  the  radius  of  gyration  of  the 
power-spectral  density  funatlon  of  y  about  zero  frequency 
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This  equation  can  be  derived  theoretically!  under  the  assumption  that  the  time 
history  is  stationary  and  Gausoian. 9  The  quantity  N(y),  although  its  formed, 
definition  is  not  in  terms  of  peaks,  provides  a  good  approximation  to  the 
number  of  peaks  per  unit  time  in  excess  of  given  values  of  y,  for  any  reason¬ 
able  definition  of  a  peak.  The  approximation  is  especially  good  for  values 
of  y/cry  greater  than  about  2  and  for  time  histories  characterized  by  a  narrow- 
band  power  spectrhl  density, 

For  flight  through  many  patches  of  turbulence  of  various  intensities,  as  would 
be  experienced  over  the  entire  life  of  any  given  airplane,  Bice's  equation  Is 
applied,  in  effect,  to  each  patch  separately.  The  exceedances  contributed  by 
all  the  various  patches  are  then  added  together  to  give  a  total. 

If  Rice's  equation  is  plotted  on  coordinates  of  log  N(y)  vs  y  ,  the  result  is 
a  straight  line,  as  shown  in  Figure  46  (a).  In  this  figure,  y  has  been 
replaced  by  U^.  Ab  noted  earlier,  y  can  be  any  quantity  which  varies  in 

response  bo  a  varying  gust  velocity  as  an  input.  The  incremental  eg  normal 
acceleration  is  such  a  quantity,  and  the  derived  equivalent  gust  velocity, 

1b  simply  a  constant  times  the  eg  acceleration. 

Accordingly,  if  a  given  sample  of  turbulence  is  stationary  and  Oausslan,  a 

2 

plot  of  N(U(,e)  vb  Ude  will  approximate  a  straight  line.  The  measured  values 
cf  N(Ud0)  should,  of  course,  be  counts  of  positive  slope  crossings  at  various 
Ude  levels  from  the  time  histories.  In  Figure  46  (a),  the  units  of  N(Ud0) 
are  crossings  per  duration  of  the  run.  Thus,  a  value  of  N(Ud0)  >=  1  denotes 
the  one  highest  peak  in  the  run. 

Suppose  that  an  actual  patch  of  turbulence  consists  of  two  portions,  both 
stationary  but  of  different  rms  levels.  For  example,  consider  a  patch  of 
which  the  first  90  percent  yields  an  rms  of  1.75  fps  and  the  last  10  percent 
an  rms  of  3 .50  fps.  The  overall  rms  will  be 

^ 0.90  X  1.752  +  0.10  x  3.502  -  2.00  fps. 


9  It  should  be  noted,  Incidentally,  that  the  Gaussian  nature  of  the  time  his¬ 
tory  does  not  result  in  a  Gaussian  distribution  of  the  peaks.  A  Gaussian  time 
history  Is  characterized  by  a  OauBslan  -  or  normal  -  distribution  of  values 
read  from  the  time  history,  either  at  random  or  at  an  arbitrary  uniform  time 
interval.  Rios's  equation,  whioh,  as  noted  above,  approximates  the  probability 
distribution  of  the  peaks,  has  the  same  mathematical  form  as  the  equation  for 
the  Gaussian  probability  density,  But  Rice's  equation  Inherently  represents 
a  cumulative  distribution.  When  it  is  differentiated  to  give  the  probability 
density,  it  no  longer  has  the  Gaussian  font. 
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The  expected  exceedance  aurve  for  such  a  patch  oan  be  obtained  by  adding 
together  the  contribution!!  of  the  two  parts,  taking  account  of  the  relative 
t(irae  in  each,  as  shown  in  Figure  4 6  (b). 

The  significant  result  shown  in  this  figure  is  that  the  expected  highest  peak 
for  the  actual  nonatationary  patah  is  45  percent  higher  than  that  obtained  by 
application  of  Rice's  equation  to  the  patch  as  a  whole.  It  is  clear  that  if 
the  only  rms  gust  velocity  considered  were  that  for  the  patch  as  a  whole, 
calculated  airplane  load  peaks  would  be  low  by  some  30  percent.  Similarly,  if 
rms  values  for  many  runs  were  obtaihed  in  the  same  way  and,a  probability  dis¬ 
tribution  obtained,  the  highest  load  peaks  would  again  be  substantially 
underpredicted. 

It  might  be  remarked  that,  in  the  example  shown  in  Figure  46  (b),  the  10  per¬ 
cent  of  the  time  at  the  high  rms  value  need  hot  be  at  either  the  beginning  or 
the  end  of  the  run,  but  might  have  occurred  in  the  middle.  Or,  it  might  have 
occurred  in  still  smaller  portions,  distributed  at  intervals  throughout  the 
run.  In  all  cases,  the  exceedance  curve  would  have  been  the  same.  The  only 
requirement  is  that  the  individual  stationary  portions  be  long  enough,  or  the 
rms  level  vary  gradually  enough,  so  that  the  theoretical  input-output  relations 
for  a  stationary  random  process  apply. 

The  same  principle  would  apply  if  more  than  two  rms  levels  were  present.  Here, 
the  "total"  curve  ih  Figure  46  (b)  would  have  been  made  Up  of  the  sum  of  three 
of  more  straight  lines.  It  is  interesting  to  note  that  even  with  a  continuous 
variation  In  crw  over  the  run,  it  is  likely  that  the  actual  exceedance  curve 

can  be  approximated  quite  closely  by  adding  as  few  as  two  or  three  straight 
lines,  representing  a  correspondingly  small  number  of  discrete  <rw  values. 

In  past  programs  directed  toward  the  measurement  of  time  histories  of  absolute 
gust  velocity,  little  attention  has  been  given,  quantitatively,  to  ststibnarity. 
Examination  of  the  various  gust  velocities  shown  In  Appendix  VI,  however,  indi¬ 
cates  that  a  typioal  run  of  several  miriuteB1  duration  is  likely  to  be  distinctly 
nonstationary.  Patches  of  relatively  severe  turbulence  of  perhaps  20  or 
30  seconds'  duration  are  interspersed  with  regions  of  comparable  duration  where 
Lne  turbulence  is  clearly  less  severe,  or  even  quite  mild. 

As  suggested  by  Figure  46  (b),  a  very  practical  quantitative  measure  of 
statlonarlty  is  available  from  the  frequency-of-exceodance  plots,  in  the  form 
of  the  ratio  of  the  highest  load  peek  to  the  ralue  predicted  by  Rice's  equation 
from  the  overall  rms  value.  In  forming  this  ratio,  the  highest  load  could  be 
either  the  actual  value  or  the  value  road  from  the  faired  exceedance  curve. 
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Several  examples  of 

•a  J  -  ■  «*/**  \ 

OX  «V«de/  ***-< 

.X  If  f-Wn 

•**»  W  J  '-’*»«-■ 

ae 

rv»* am  0  v»i 
**--•*  r  —  0 - — 

shown  in  Figure  47. 

These  represent  the 

following  runs: 

Test  and 

Duration 

“■Ud. 

run 

Location 

(sec) 

88-9 

New  Zeeland 

110 

0.87 

102-2 

Australia 

235 

1.79 

107-8 

Austral! a 

990 

1.14 

107-14 

Austral!  la 

67c 

0.74 

147-4 

Puerto  Rico 

255 

1.90 

164-4 

Alaska 

215 

1.42 

Cases  (taat  and  'run)  88-9,  107-8,  107-14,  and  147-4  were  selected  more  or  lesB  at 
random,  oo/ertng  a  range  of  durations,  locations,  and  rms  levels.  These  were 
later  found  not  to  include  the  runs  that  appeared  most  stationary  from  their 
time  histories,  A s  a  result,  cases  102-2  and  164-4  were  added. 1° 

In  all  cases  the  experimental  curve  has  the  characteristic  concave-upward 
shape  indicated  theoretically  in  Figure  46  (h) .  Alec.,  in  all  cases,  a  very 
close  fit  to  the  test  points  is  obtained  by  adding  only  two  straight-line 
components,  to  give  the  curve  labeled  ’’sum."  This  closeness  of  fit  is  rather 
remarkable  vhen  one  rotes  the  many  different  intensities  displayed  in  several 
of  the  time  histories  (Appendix  VT) . 

TUo  line  representing  Rice's  equation  is  plotted  using  tne  U^e  rms  value  obtained 
from  tne  time  history  and  an  Hq  value  equal  to  the  total  number  cf  peaks  counted 
using  the  mean-crossing  procedure . 

Ratios  of  the  U.  values  read  from  the  faired  test-data  curve  and  the  curve  of 
Rice's  equation  at  N(Ude)  ■  1  are  as  follovs : 


Case  . 

U.  2,  Test 
ae 

Ude2,  RiC3 

U.  2  Ratio 
ae 

U.  Ratio 
de 

80-9 

25 

8 

3.13 

1.77 

102 -2 

65 

34 

1.91 

1.38 

107-0 

72 

20 

3.60 

1.90 

107-14 

36 

7.2 

5.00 

2.24 

147-4 

69 

42 

1.64 

1.28 

164-4 

36 

23 

1.5Y 

1.25 

^ A  systematic  evaluation  of  stationarity  for  all  runs  is  beyond  the  scope  of 
the  present  program.  In  fact,  such  an  evaluation  is  unnecessary  because  no 
attempt  was  made  to  obtain  a  random  sampling  of  turbulence  intensities  from 
which  a  probability  distribution  could  be  obtained  that  would  be  useful  for 
design. 
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Figure  1*7,  Frequency  of  Exceedance  of  U  and  Comparison  with 

Rice's  Equation  e 
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Even  for  the  two  cases  for  which  the  Ude  time  history  had  the  appearance  of 

rather  sood  stationarity  (102-2  and  164-4)  the  Ud0  ratio  is  substantially 

greater  than  unity,  and  it  ia  approximately  2  for  the  two  runs  that  appeared 
least  at  i-onavy. 

In  comparison,  application  of  the  same  technique  to  the  27  four-minute  runs 
from  the  B-66  low  level  gust  study  for  which  Udg  peak  counts  were  available 

(Reference  13)  gave  ratios  fairly  well  scattered  over  the  range  1.05  to  1.57. 

The  fact  that  the  range  for  the  B-66  data  was  lower  than  for  the  HI CAT  data  is 
consistent  with  the  impression  gained  from  examination  of  records  of  earlier 
low  altitude  test  flights  of  Lockheed  airplanes,  that  low  altitude  turbulence 
tends  to  be  more  nearly  stationary  than  high  altitude  CAT. 

Throughout  the  above  discussion,  it  has  been  assumed  that  disagreement  between 
the  measured  exceedance  curves  and  the  theoretical  curves  for  a  stationary 
Gaussian  process  as  given  by  Rice's  equation  is  due  to  lack  of  stationarity. 

It  could,  of  course,  be  due  instead  to  the  time  history  being  non-Gaussian. 
However,  this  distinction  is  believed  to  be  of  secondary  importance.  If  the 
constant-mis  portions  into  which  the  run  is  considered  to  be  divided  are 
vanishingly  short,  it  might  be  more  valid  to  regard  the  time  history  simply 
as  non-O&UBBian.  But  the  aesumption  that  the  main  consideration  ie  non- 
stationarity  ia  useful  because  it  explains  the  shape  of  the  exceedance 
curvea.  What  ie  important  is  that,  for  whatever  reason,  the  poak-to-rms 
ratio  1b  not  in  agreement  with  Rice's  equation,  and  the  degree  of  disagree¬ 
ment  i8  an  important  property  of  the  turbulence. 

In  summary,  the  significant  conclusions  with  respect  to  stationarity  of  the 
HI CAT  data  are: 

•  Visual  examination  of  the  time  histories  indicates  significant  varia¬ 
tions  in  intensity  throughout  each  run  in  nearly  all  the  HICAT  tests, 
This  variation  appears  to  be  more  pronounced  than  that  for  low 

alt i t  ude  t  urb  ule  nc  e . 

•  Apparently  as  a  result  primarily  of  this  non - ntat i onarity ,  the  ratios 
of  peak  value  to  rmi;  vulue  for  any  given  run,  of  any  quantity,  reflect¬ 
ing  uirplune  response,  are  in  excess  of  ihe  ration  predicted  by  Riee'c 
equation  by  t'uctorc  ranging  from  1.25  to  2.1*4. 

■  Any  probability  distribution  derived  from  averngc-over-the -run  gust 
velocity  rms  values  will  loud  to  a  gross  underprediet  Ion  of  the 
higher  load  peaks  when  applied  in  airplane  design. 

PEAK  COUNT  COMPARISON 

Since  frequency  of  exceedance  curves  are  often  available  only  on  a  simple  peak 
count  basis  rather  than  as  counts  of  positive  slope  crossings,  It  is  of 
interest  to  compare  the  results  of  the  tv;o  types  of  count.  Such  comparisons 
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are  shown  for  the  same  six  HICAT  runs  in  Figure  48.  The  curves  given  by  the 
two  bases  inherently  coincide  at  both  ends.  The  number  of  positive-slope  zero 
crossings  is  equal  to  the  total  number  of  individual  positive  peaks  (as 
defined  under  Peak  Counting  in  Section  v),  and  the  one  highest  peak  must  define 
the  same  point  on  both  curves.  In  between,  the  "positive-slope  crossing"  curve 
is  always  higher  than  the  "mean  crossing"  curve.  This  relation  must  hold 
because  -wherever  the  time  history  reaches  a  maximum,  decreases  (but  not  to  zero), 
and  then  increases  to  another  maximum,  there  will  be  only  one  peak  but  two 
positive  slope  crossings  of  constant-y  lines  within  the  range  of  y  values 
between  the  minimum  and  the  lower  of  the  two  maximums, 

The  closeness  of  the  curves  given  by  the  two  bases  is  somewhat  variable,  but 
generally  the  agreement  is  fairly  good.  The  maximum  difference  between  the 
two  curves  on  the  frequency- of- exceedance  scale  ranged  from  a  factor  of  1.25 
for  case  16 h - 4  to  2,20  for  case  147-4. 

ERROR  ASSESSMENT 

ALIASINO  ERRORS 

The  HICAT  PCM  system  samples  the  analog  data  at  equally  spaced  time  intervals 
and  for  this  reason  may  produce  amplitude  errors  due  to  aliasing. 11  In  order 
to  evaluate  the  aliasing  effect  in  the  HICAT  data  a  flight  teat  was  performed 
In  which  the  sampling  frequency  was  set  at  50  samples  per  second,  or  twice  the 
normal  rate.  By  thiB  means,  the  frequency  conteht  of  the  data  could  be  examined 
out  to  25  cps ,  i.e.,  to  a  frequency  well  above  the  60-db  attenuation  point  of 
16.5  cps  of  the  analog  presampling  filters. 

The  power  spectral  format  was  selected  aB  the  best  means  of  evaluating  the 
presence  of  aliasing  effects.  Spectra  of  the  most  critical  measurements  - 
thoBe  required  in  the  determination  of  the  gust  velocity  components  -  are 
presented  in  Figures  65  through  82  in  Appendix  II.  These  spectra  cover  the 
frequency  band  from  0.125  cps  to  25.0  cps.  They  were  obtained  from  a  landing 
approach  on  Test  56  during  which  moderate  turbulence  was  encountered.  The  land¬ 
ing  approach  was  selected  in  preference  to  a  high  altitude  run  because  the  run 
was  longer  and  the  level  of  excitation  was  relatively  high  for  all  measurements . 

Aliasing  in  turbulence  data  obtained  at  25  samples  per  second  (spr)  is  indi¬ 
cated  in  the  present  spectra  by  the  presence  of  significant  power  at  frequencies 
between  12.5  and  25  cps.  For  frequencies  in  this  band,  the  frequency  alias  is 
equal  to  the  sampling  rate  minus  the  actual  frequency,  For  example,  the 


Aliasing  causes  frequency  components  greater  than  hall'  the  sampling 
frequency  'o  appear  in  the  data  as  if  they  were  actually  less  than  half  the 
sampling  frequency. 


By 
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frequency  alias  of  20  cps  when  sampled  at  25  sps  Is  25  -  20  or  5  ops.  The 
following  table  liste  the  aliases  for  various  frequencies: 


Frequency  alias 
(epe) 

Actual  frequency 

(opt) 

0.125 

2h .875 

1 

2k 

2 

23 

3 

22 

it 

21 

'j 

20 

6 

IS 

7 

1C 

0 

17 

9 

16 

10 

15 

11 

14 

12 

13 

Thus,  the  aliasing  criterion  of  "significant  power"  in  the  present  spectra 
depends  upon  the  ratio  of  the  povar  at  the  actual  frequency  to  that  at  the 
frequency  alias.  If  this  ratio  is  very  small,  i.e.,  Iobs  than  1  percent, 
then  amplitude  distortion  due  to  aliasing  will  he  negligible.  Applying  thie 
criterion  to  the  raw  data  spectra  shove  that  for  most  of  the  measurements  no 
aliasing  exists  in  the  frequency  range  of  interest  below  about  5.0  cpB.12 
However,  the  epeotra  of  yaw  rate,  pitch,  roll,  and  heading  angle  (sine  and 
cosine),  Figures  76  through  80,^3  indicate  aliasing  distortions  as  high  as 
70  percent  of  the  actual  power  at  5«0  cps.  Surprisingly,  this  ie  not  signifi¬ 
cant  because  the  actual  power  at  5  cps  in  thses  particular  spectra  is  itself 
negligible  due  to  the  lack  of  aircraft  response  in  the  measurements  at  thie 
relatively  high  frequency. 

The  X  and  Y  velocity  spectra  of  Figures  8l  and  62  also  indicate  significant 
aliasing  distortions,  in  this  case  extending  down  to  frequencies  as  low  as 
0.375  cps.  For  these  two  measurements ,  the  actual  aliased  '25  sps  spectra  are 
shown  and  the  distortion  appears  serious.  As  before,  however,  it  can  be 
observed  that  there  is  negligible  response  at  the  aliased  frequencies.  There¬ 
fore,  it  ie  concluded  from  examination  of  ths  50  sps  spectra  that  the  normal 
HICAT  FCM  sampling  rate  of  25  sps  is  satisfactory  and  free  of  significant 
amplitude  distortion  due  to  aliasing. 


12 

Frequencies  above  6.0  cps  are  already  considerably  attenuated  by  the  airborne 
POM  filters  and  are  normally  removed  by  numerical  filtering  aa  part  of  the 
HICAT  data  processing  routine. 

13 

When  power  spectral  density  values  were  less  than  the  lower  limit  of  the 
plots,  the  points  were  plotted  at  the  lower  limit,  For  the  purposes  of  thia 
dlBcuesion,  the  actual  values  at  5.0  cps  and  20.0  epo  have  been  printed  on 
the  figures . 
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OUST  VELOCITY  ERRORS  IN  ROLLER  COASTER  MANEUVERS 

Sever*!  timet  during  the  course  of  the  HICAT  program,  smooth  symmetric  pitch 
maneuvers  or  roller  coasters  were  performed  in  calm  air  to  verify  the  perfor¬ 
mance  of  this  instrumentation  and  chock  the  gust  velocity  equations.  It  was 
expected  that  If  the  air  were  perfectly  calm  and  the  appropriate  instruments 
were  accurately  calibrated  and  working  properly,  the  result  of  the  gust  velocity 
determination  vould  he  zero  or  near  zero,  i.e.,  in  agreement  with  the  test 
conditions.  In  aatual  practice,  it  was  found  that  a  small  but  significant 
vertioal  gust  velocity  "error"  does  occur. 

Figures  49  through  52  present  gust  velocity  time  histories  of  four  separate 
roller  aoastor  maneuvers  taken  from  four  different  teats.  Figure  49  shows  a 
roller  uoaster  maneuver  of  205  seconds'  duration  with  eg  normal  accelerations 
averaging  about  40.45g  in  amplitude  and  with  a  period  of  about  13  seconds. 

The  vertical  gUst  velocity  component  has  a  13-second  oscillation  of  roughly 
45  fpe  amplitude  obviously  resulting  from  the  pilot's  elevator  motion. 

On  the  other  hand,  the  13-Becond  oscillation  is  fairly  small  or  absent  in  the 
lateral  and  longitudinal  gust  velocity  time  histories.  The  nonzero  lateral 
and  longitudinal  components  appear  to  result  from  secondary  effects  (i.e., 
changes  of  heading,  speed,  altitude,  etc.)  rather  than  directly  from  the  pitch 
control  input. 

Figure  50  shows  a  relatively  brief,  large-amplitude  roller  coaster  from  test 
114,  run  19.  In  this  case,  the  accelerations  average  about  ±0.85g  amplitude 
with  a  15-seoond  period.  Again,  the  vertical  gust  velocity  oscillations  have 
the  same  period  as  the  control  motion  with  an  amplitude  of  about  4 7  fps . 

Figures  51  and  52  are  fairly  similar  time  histories  of  the  roller  coasters  from 
test  142 ,  run  5  and  teat  172,  run  3.  For  theBe  two  cases ,  the  normal  accelera¬ 
tions  are  only  about  40.35g  and  the  oscillatory  period  is  fairly  short,  i.e., 
only  7  seconds. ^  Notice  that  is  these  two  cases,  the  resulting  vertica?.  gust 
velocity  "error"  is  muoh  smaller,  or  about  41  to  42  fps.  Unfortunately,  a 
malfunction  prevented  the  determination  of  reliable  lateral  and  longitudinal 
gust  velocity  components  for  these  two  tests. 


■^Pilots  favored  this  input  period  because  airspeed  was  more  easily 
controlled . 
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The  following  table  summarizes  the  results  of  the  roller  coaster  tests: 


HICAT  Test  Number 


Parameter 

no 

Ilk 

ljjg 

ill 

Average  dec  Period  (sec) 

13 

15 

7 

7 

Average  A*^  (±g) 

0.U5 

0.85 

0.37 

0.35 

Average  AU^  ( t  fps ) 

5.0 

7-0 

1.2 

2.0 

Average  bg  (tdeg) 

1.2 

2.3 

1.1 

1.1* 

Average  Uy/6  (fps /deg) 

1*.2 

3.0  . 

1.1 

1.1* 

The  last  line  of  the  table  indicates  the  vertical  gust  velocity  error  per 
degree  change  of  elevator  angle. 

It  appears  from  the  table  that  the  gust  velocity  error  1b  h  function  of  the 
period  of  the  elevator  motion  (and  thus  inversely  proportional  to  control 
rate)  because  the  smallest  errors  are  associated  with  the  shorter  control  input 
periods.  Thus,  for  elevator  motions  of  amplitude  of  1  degree  or  less  associated 
with  oscillatory  periods  of  7  seconds  or  Isbs,  the  gust  velocity  error  appears 
to  be  small  enough  to  ignore.  However,  elevator  motions  of  similar  size 
associated  with  longer  periods  of  oscillation  appear  capable  of  causing  signi¬ 
ficant  errors  in  the  vertical  gust  Velocity  measurements.  Fortunately,  ua  a 
result  of  the  measurement  philosophy  followed  during  the  program  (see  HICAT 
Flight  Procedures  in  Section  III),  the  elevator  motions  in  turbulence  are 
minimal,  Examination  of  the  elevator  time  histories  of  those  tests  used  ibr 
"medium  to  long  wave  analysis"  (l.e.  X.  z  10,000  ft.)  indicates  very  few 
elevator  angle  excursions  of  a  size  and  frequency  as  to  cause  a  substantial 
gust  velocity  error. 

However,  if  such  un  error  is  assumed  to  be  present,  it  should  increase  the  1 
power  of  the  vertical  gust  spectra  at  wavelength's  of  10,000  feet  and  above. 

The  vertical  gust  spectra  in  Figures  30  and  39  display  little  if  any  evidence 
of  such  effect.  Therefore,  it  would  appear  that  elevator  motions  ure  not  a 
significant  source  of  error  in  the  HICAT  data. 

GUST  VELOCITY  RESOLUTION 

The  gust  velocity  resolution  of  the  HICAT  measurement  system  may  be  establiuhsd 
from  examination  of  the  basic  gU9t  velocity  equations  and  consideration  of  the 
resolution  of  the  various  individual  measurements,  The  gust  velocity  equations 
art  reproduced  below  in  somewhat  simplified  form,  ignoring  second  order  terms. 


AUy  -  V\p Aq -  VtA0+  7 A h2  dt  (l) 
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Figure  HyB.  Roller  Coaster  Maneuver  Gust  Velocity  Time 
History  -  Test  110,  Run  3 
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Figure  SOB.  Roller  Coaster  Maneuver  Gust  Velocity  lime 
History  -  Test  114,  Run  19 
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Figure  51A.  Roller  Coaster  Maneuver  Gust  Velocity  Time 
History  -  Test  lU2 ,  Run  5 
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Figure  51B.  Roller  Coaster  Maneuver  Gust  Velocity  !:me 
History  -  Test  lU2,  Run  5 
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AUl  -  VTAp+  VtA4*-  AU: 


"p  ■  "T  -  ^  13> 

If  the  Instrumentation  system  Is  assumed  to  be  perfectly  accurate  except  for 
its  resolving  capability,  then  the  only  errors  vhich  can  occur  vlll  be  those 
attributable  to  this  less  than  perfect  resolution.  Table  VI in  Appendix  II 
lists  tho  various  measurements  and  their  resolution  in  the  PCM  system. 

By  applying  the  following  relationships  from  Reference  1^,  the  resolution 
error  may  be  evaluated  for  each  gust  velocity  component. 


y 

or  2 

y 

2 

vhere  <r  «  variance  of  y 

V 

■  ith-numbered  x  term  contributing  an  error 

2 

■  variance  of  the  ith  term. 

To  compute  the  vertical  gust  velocity  resolution,  an  average  value  of  Vr 
is  assumed  (VT  «  700  fps)  and  is  considered  to  be  ±1/2  the  resolution 
of  the  appropriate  measurements  listed  in  Table  VI  in  Appendix  II.  v  .:.’ting 

2 

equation  U  for  vertical  gusts,  3.et  < “ 


where, 


VI 


+  t 


V2 


+  t 


V3 


where  refers  to  the  resolution  error  in  tho  first  terra  of  the  vertical  gust 
velocity,  <v2  the  seoond,  i be. 
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then,  «vl*  =  [700(±.01)/57.3|2  -  (±.122)2  «  0.01? 

cv22  ■=  [700(±.015)57.3] 2  -  (±.183)2  =  0.033 

In  order  to  evaluate  the  acceleration  integral,  it  is  assumed  that  the 
resulting  velocity  Av  is  the  maximum  value  of  an  integrated  ainusoidal 

acceleration  response  to  a  very  long  wavelength  gust,  in  which  ciafle 


Avz  -Aaz/w  -  Aa^/UirV^,) 


and  if  X  «  60,000  feet 


,  2  _  [(  +  .0015)  32.2  (60.000)]2  _  ££;a,2  _  „ 

V3  [  — swim - '~J  (±,66o)  0,435 


so  that  for  the  vertical  gust  velocity 


<rv  ■  +  .70  ft/sec 

2 

Note  that  if  \  is  assumed  to  be  only  30,000  feet  =  *109  and 

crv  =  ±0.40  ft/sec. 


In  the  case  of  the  lateral  gust  velocity 

<Li2  ■  [70O(+,Ol)/57 • 3] 2  ■  (+.122)2  -  .015 

«Lg2  -  [too(+.07)/5T. 3]2  -  (+.854)2  -  .730 

and  «.  2  ■  1.0 

AO 
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so  that  for  the  lateral  gust  velocity 

<r L  ■>  v/ 0.015  +  0.730  +  0.435 
*  ±1.32  ft/sec 


For  the  longitudinal  gust  velocity  case  it  is  necessary  to  consider  the  true 
airspeed  fluctuations ,  AVT ,  in  terms  of  the  differential  pressure  (approximated 
herein  by  the  dynamic  pressure,  q)  in  order  to  determine  < ^ . 

VT2(p/po) 
q - gi_ - 

2VT(p/po)  dVT 

•q - m - 


Thus 


and 


so  that 


dV„ 


Bkl  dq, 
2VT(p/po) 


assuming  an  average  altitude  of  57.000  ft  (p/po  *  .109)  so  that 


(±.795)2 


.632 


1.0 


v/bich  gives  for  the  longitudinal  gust  velocity 

<rF  ■  Vo. 632  i-  l.O  -  +1.28  ft./sec 


Summarising,  the  approximate  resolution  of  the  gust  components  is  as  follows: 


Vertical  Oust  Velocity: 

Lateral  Oust  Velocity: 
Longitudinal  Oust: 


+0.70  fps  for  1 
+0,40  fps  for  \ 

+1.32  fps 

£1 . 26  fps 


60,000  ft 
30,000  ft 


io4 
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GUST  VELOCITY  MEASUREMENT  ACCURACY 

The  measurement  accuraoy  of  each  HICAT  transducer  appears  in  the  final  column 
of  Table  I,  Appendix  II.  These  are  percentage  rms  values  of  the  transducer 
measurements  before  they  are  filtered  and  digitized  in  the  PCM  system.  The 
table  indicates  all  the  measurements  which  are  used  in  the  gust  velocity  equa¬ 
tions  to  have  basic  accuracies  of  ±1.5  percent  rms  or  better.  Calibration 
inaccuracies  will  contribute  another  0.5  to  1.0  percent  co  this  figure. 

The  analog  filters  attenuate  the  measurement  signals  slightly,  depending  upon 
the  frequency.  This  effect  varies  from  filter  to  filter,  but  can  be  as  much 
as  two  or  three  percent  at  5  cps.  At  frequencies  less  than  1  cps,  the  average 
attenuation  amounts  to  less  than  0.5  percent  of  the  input  amplitude. 

The  PCM  digitizing  process  introduces  another  very  small  error.  This  error  is 
±.05  percent  ±l/2  of  the  least  significant  bit,  which  is  equivalent  to  an 
accuracy  capability  of  C.l  percent. 

It  is  therefore  estimated  that  on  the  basis  of  the  above  considerations,  the 
overall  accuracy  of  the  gust  velocity  determination  is  approximately  ±3.2  per¬ 
cent  rms  at  frequencies  less  than  1  cps.  For  higher  frequencies,  the  ampli¬ 
tude  error  will  be  slightly  greater  because  of  the  analog  filters. 

RECAPITULATION 

The  foregoing  analysis  of  the  results  of.  the  HICAT  program  chows  that- high 
altitude  CAT  generally  occurs  in  relatively  short,  fairly  thin  patches  which 
decrease  in  intensity  with  increasing  altitude.  The  gust  velocity  power 
spectra  when  averaged  appear  to  be  roughly  similar  to  lower-altitude  spectra 
except  that  the  vertical  gust  velocity  components  have  significantly  less 
slope  and  all  components  indicate  a  scale  of  turbulence,  L,  in  excess  of 
6,000  ft.  High  altitude  CAT  appears  to  be  isotropic  only  at  the  shortest; 
wavelengths  as  well  as  statistically  nonstationary  overall.  Although,  a. few 
CAT  spectra  extend  to  !i0,000  ft.  wavelength,  a-  dearth  of  very  long  wave 
CAT  samples  appears  to  limit  the  user,.]  or  the  spectra  to. .between' 

10,000  and  20,000  ft.  Measurement  errors  due  to  aliasing,  instrumentation 
inaccuracies,  and  elevator  control  effects  are  shown  to  be  lupignificant. 
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SECTION  VII 
METEOROLOGICAL  ASPECTS 


GENERAL 

One  of  the  objectives  of  the  HICAT  program  was  to  investigate  the  occurrence 
of  clear  air  turbulence  at  high  altitude  in  a  variety  of  meteorological  and 
geophysical  conditions.  The  sampling  Bites  selected  for  this  purpose  are 
listed  and  the  reasons  for  their  selection  are  explained.  Hie  CAT  forecast¬ 
ing  procedures  used  at  each  site  are  reviewed  aB  veil  as  the  difficulties  of 
fore.'-.st  verification.  In  the  section  on  analysis  and  interpretation,  the 
effects  of  geographical  location  and  terrain  on  intensity  of  turbulence  are 
discussed  and  summarized  in  tables  and  graphs.  4  brief  discussion  of  the 
probable  influence  of  convection  and  the  relationship  between  cloud  forms  and 
turbulence  1b  included.  Based  on  a  preliminary  analysis  of  all  available 
meteorological  and  turbulence  data  and  pilot  reports,  a  possible  mechanism 
for  triggering  CAT  is  suggested.  A  more  detailed  analysis  of  the  meteorologi¬ 
cal  data  with  particular  emphasis  upon  the  relationship  between  turbulence 
and  specific  meteorological  parameters  and  derived  indices  iB  presently  being 
conducted  by  Lockheed  for  the  Flight  dynamics  laboratory.  This  analysis  will 
he  the  subject  of  another  report  under  a  separate  Air  Force  contract 
(Reference  3)* 

SAMPLING  SITE  SELECTION 

Sampling  siteB  were  selected  Initially  to  provide  combinations  of  latitude  and 
season  considered  moBt  favorable  for  the  occurrence  of  high  altitude  turbu¬ 
lence.  Consideration  wsb  also  given  to  the  investigation  of  the  effects  of 
wind  flow  and  heating  over  four  terrain  categorise,  water,  flat  land,  hills, 
and  mountains.  Final  selection  was  based  upon  the  requirements  for  &  sequen¬ 
tial  schedule  and  for  airfields  compatible  with  U-2  flight  operations.  A 
brief  description  of  each  test  site,  of  the  potential  high  altitude  CAT 
source,  and  the  ideal  season  for  operations  is  outlined  below. 


*  Edwards  AFB,  California 

General  area!  Southwestern  U.S. 

Terrain:  Predominantly  mountainous 

CAT  source!  Mid-latitude  tropospheric  Jet  combined  with  the 

effects  of  mountain  waveB  and  convections. 

Season!  Fall,  winter  and  early  spring. 
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•  IN  aV«w  AW  fNaVin 

V  U1W44MM  4  m£Of  W«*UM  4.W4  XN  t<4 ;  MMI1>4*4 

General  area:  Hawaiian  Islands 

Terrain:  Predominantly  water  with  isolated  mountain  peaks. 

CAT  source:  Southern  edge  of  mid-latitude  tropospheric  jet 

combined  with  convective  and  frontal  activity  over 
relatively  smooth  water  surface  and  isolated 
mountain  peaks. 

Season:  Spring 

•  Christchurch,  Now  Zealand 

General  area:  New  Zealend  and  surrounding  ocean. 

Terrain:  Mountain  chain  oriented  perpendicular  to  prevailing 

wind. 

CAT  source:  Mid-latitude  tropospheric  Jet  crossing  an  abrupt 

mountain  chain  surrounded  by  a  relatively  smooth 
ocean  surface. 

Season:  Winter 

•  Iaverton,  Australia 

General  area:  Southeastern  Australia 

Terrain:  Mountain  range  with  an  extensive  area  of  relatively 

flat  land  to  the  west  and  ocean  to  the  east. 

CAT  Bource;  Mid-latitude  tropoepheric  Jet  combined  with  effects 
of  convection  over  the  flat  ls.nd  and  waves  generated 
over  the  mountain  range. 

Season;  Winter 

a  Hanscom  Field,  Massaehusetto 

General  area:  Eastern  U.S.,  including  adjoining  portions  of  Canada 
and  coastal  waters. 

Terrain:  Mostly  hilly  but  including  the  Appalachian  mountain 

range  and  relatively  flat  coastal  plain. 

CAT  source:  A  variety  of  regimes  ranging  from  pure  convection  and 

frontal  activity  to  strong  Jet  streams  over  the  four 
types  of  terrain,  water,  flat  land,  hilly  land,  and 
mountain  range. 

Season:  Late  Bummer  and  early  fall. 
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Ramey  AFB,  Puerto  Rico 

General  area:  Puerto  Rico,  Virgin  Islands  and.  windward  island  chain. 
Predominantly  water  and  sma.ll  islands. 


Terrain: 

GAT  source: 

Season: 


Convection,  easterly  waveB,  zones  of  converging  winds 
aloft,  troughs  aloft,  and  frontal  systems  with  or 
without  Jet  streams  over  water  and  heated  island 
surfaces . 


Fall 


Elmendorf  AFB,  Alaska 

General  area:  All  of  Alaslra  including  the  eastern  Aleutian  chain 
and  adjoining  Gulf  of  Alaska  coastal  waters. 


Terrain: 

GAT  source : 

Season: 

FORECASTING  PROCEDURES 


Mountain  ranges  with  some  hilly  and  level  areas. 

Very  low  tropospheric  Jet  in  absence  of  convection 
over  the  various  types  of  terrain  as  veil  as  the 
lower  portion  of  the  stratospheric  elrcumpular  Jet. 

Winter 


For  economic  reasons,  the  HICAT  forecasting  program  had  to  rely  upon  the  local 
forecasting  personnel  at  each  test  site.  As  a  consequence,  there  vaB  consid¬ 
erable  variation  in  the  forecasting  techniques  al  the  various  sites.  In  most 
cases,  these  local  personnel  had  had  little  or  no  experience  in  forecasting 
nigh  altitude  GAT  at  levels  above  40,000  feet.  To  compound  the  problem,  at 
come  sites  thero  waB  little  if  any  data  routinely  roceived  vie.  teletype  or 
faeaimils  for  altitudes  above  40,000  feet.  To  help  alleviate  this  situation, 
arrangements  were  made  with  the  Air  Force  Global  Veathor  Central,  Offutt  AKB, 
to  supply  CAT  forecasts  at  Hanscom  Field,  and  at  Ramey  ard  Elmendorf  Air 
Fores  Bases. 

The  Global  Weather  Central  (GWC)  forecacts  were  based  on  the  hypothesis  that 
the  gradient  of  shear  is  more  critical  than  the  shear  itself.  A  parameter 
was  developed  which  considered  the  combination  of  the  Baplaclan  of  the  hori¬ 
zontal  wind  shear  and  the  vertical  gradient  of  the  thermal  wind  shear.  It 
was  recognized  that  the  vertical  change  in  thermal  wind  shear  is  proportional 
to  the  horizontal  gradient  of  static  stability  in  the  came  way  that  the 
thermal  wind  Bhear  is  proportional  to  the  horizontal  gradient  of  temperature. 
The  input  data  for  the  GAT  computer  forecasting  program  were  the  forocaat 
height  fields  for  Bix  standard  pressure  levels  including  the  100  and  50  mb 
levels.  TCio  Iaplacian  term  was  computed  fz-om  eaoh  of  the  height  distributions 
on  constant  pressure  surfaces  and  the  thermal  wind  was  computed  from  three 
pairs  of  temperature  distributions.  It  was  found  that  the  Iaplaelan  term  was 
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normally  about  one  order  of  magnitude  larger  than  the  other  term.  It  was 
arbitrarily  decided  to  increase  the  value  of  the  thermal  wind  shear  term  by  ar. 
order  of  magnitude  and  subtract  it  from  the  first  term  to  give  the  final  CAT 
parameter.  The  parameter  used  during  the  HICAT  program  wns  based  on  the  following 

formula: 


C  = 


with  turbulence  intensities  shown  in  the  Table  oelow. 


Table  of  Turbulence  Intensities 


Forecast  turbulence  intensity 


Value  of  C 


Over  Land 


Over  Water 


-25 

-25  to  -35 
-35  to  -55 
-55  to  -75 
-75 


No  turbulence 
Light 

Light -mode rate 

Moderate 

Severe 


No  turbulence 
No  turbulence 
Light 

Light -moderate 
Moderate 


Shortcomings  of  the  GWC  method  were  the  lack  of  vertical  resolution  in  the 
forecasts  due  to  the  rather  thick  layers  considered,  the  lack  of  consideration 
of  mountain  wave  activity,  and  the  dependence  of  turbulence  forecaste  upon  the 
results  of  numerical  predictions  of  pressure  and  temperature  fields  2h  to  36 
hours  ahead  irrespective  of  prior  CAT  occurrence. 

Local  forecasters  at  Hanscom  Field  and  at  Ramey  and  Elmendorf  Air  Force  Base 
found  it  necessary  to  supplement  these  forecasts  with  their  own  either  because 
the  CMC  forecast  defined  too  large  an  area  or  an  area  beyond  the  range  of  the 
aircraft. 

In  New  Zealand,  the  turbulence  forecasts  were  prepared  by  the  Wellington 
office  of  the  New  Zealand  Meteorological  Service  and  transmitted  to 
Christchurch  where  pilot  briefings  were  provided  by  the  regular  meteorological 
personnel.  In  Australia,  personnel  of  the  Bureau  of  Meteorology,  who  were 
assigned  specifically  to  the  project,  prepared  the  forecasts  and  conducted 
the  pilot  briefings  and  debriefings.  This  group  was  headed  by  Mr.  F.A.  Powell 
with  scientific  support  from  Mr.  J.N.  McRae  and  Mr.  Kevin  Spillane. 

A  brief  review  of  the  primary  meteorological  parameters  considered  in  thu 
forecasts  made  e.t  each  site  is  given  below. 
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California 

As  these  tests  were  conducted  intermittently  throughout  the  period  Ifuveinuer 
1965  to  January  19^7)  no  single  forecast  method  was  used  consistently.  Vari¬ 
ous  parameters  considered  were  strong  winds  over  the  Sierra  Nevada  (Sierra 
Wave)  and  other  mountain  ranges,  large  vertical  wind  speed  and  wind  direction 
shear,  and  an  irregular-shape  temperature  sounding  depicting  alternating  layers 
of  sharply  changing  vertical  temperature  gradient,  i.e.,  several  significant 
levels  in  the  temperature  sounding. 

Hawaii 


Turbulence  forecasts  were  based  primarily  upon  position  of  the  Jet  stream  And 
especially  when  associated  with  :'2C0  mb  troughs  and  wind  shift  zones.  Altitudes 
of  turbulence  were  specified  by  the  altitude  interval  through  which  wind  speedB 
decreased  markedly  and  wind  direction  shifted  to  easterly. 

New  Zealand 


Turbulence  forecasts  were  primarily  based  on  the  possibility  of  lee  waves 
whenever  a  Jet  stream  crossed  the  mountains.  In  addition,  turbulence  was 
forecast  in  the  area  of  trough,-1  aloft  and  over  inten:  ifying  cyclonic  depres¬ 
sions  at  the  surface.  Some  consideration  was  also  given  to  areas  of  tempera¬ 
ture  change  or  advection. 

Australia 


Turbulence  parameters  which  were  computed  on  a  routine  basis  included  Richard¬ 
son  number,  Scorer  parameters,  and  the  index  of  the  product  of  wind  speed  and 
wind  direction  shear.  However,  the  Richardson  number  waB  found  to  be  the  most 
useful  single  derived  index  from  a  qualitative  point  of  view,  so  that  the 
turbulence  forecasts  were  based  primarily  upon  this  parameter.  Values  of 
Richardson  number  were  calculated  for  each  layer  having  a  significant  change 
in  lapse  rate  or  wind  shear.  Charts  were  drawn  delineating  areas  of  low 
Richardson  number  for  each  layer.  These  charts  were  then  used  to  highlight 
possible  search  areas.  The  radiosonde  tracee  from  stations  near  these  areas 
were  examined  in  detail  in  order  to  select  the  optimum  height  to  search  for 
turbulence.  The  heights  selected  were  those  which  were  situated  in  a  compara¬ 
tively  stable  layer  overlying  a  layer  for  which  the  calculated  Richardson 
number  was  low  -  generally  less  than  3*  This  procedure  was  based  on  the 
assumption  that  eddies  generated  in  layers  of  low  Richardson  number  would  break 
down  in  the  base  of  the  upper  stable  layer  into  disturbances  of  a  scale  small 
enough  to  disturb  the  aircraft.  The  lowest  Richardson  numbers  were  usual Ty 
found  to  be  located  on  the  north  (equatorial)  side  of  the  200  mb  Jet,  In 
addition,  lee  waves  and  turbulence  were  forecast  whenever  a  Jet  stream  passed 
over  the  Great  Dividing  Range  in  eastern  Australia. 

Massachusetts 


The  forecasts  were  based  primarily  upon  the  Global  Weather  Central  forecast. 
In  addition,  the  local  forecasters  predicted  CAT  in  areas  of  strong  winds 
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(jet  streams)  and  large  horizontal  shear  as  determined  from  the  maximum  wind 
speed  charts.  Turbulence  was  predicted  at  altitudes  coinciding  with  inversion 
layers . 

Puerto  Rico 


In  addition  to  the  Global  Weather  Central  forecasts,  the  local  forecasters 
considered  strong  winds  aloft,  horizontal  convergence  and  frontal  zones, 
troughs  aloft,  and  cooling  aloft  which  results  in  "overturning  the  air". 

Alaska 

In  addition  to  the  Globs 1  Weather  Central  turbulence  forecasts,  the  local 
project  personnel  considered  areas  of  apparent  temperature  advection,  i.e., 
areas  and  altitudes  where  the  isotherms  crossed  the  height  con lovers  and  hence 
crossed  the  flow,  as  suggested  in  Reference  15 .  The  effects  of  the  strato¬ 
spheric  circumpolar  Jet  were  not  considered  because  it  was  found  to  be  located 
at  appi oximately  100,000  feet,  well  above  available  flight  altitudes. 

EVALUATION  OF  METHODS 

Hie  problem  of  forecast  verification  was  complicated  by  lack  of  precise  defini¬ 
tion  of  the  volume  of  air  in  which  turbulence  was  anticipated  and  in  particu¬ 
lar  the  horizontal  extent.  The  forecasts  tended  to  be  either  too  general  by 
Including  an  area  of  thousands  of  square  miles  or  too  specific  by  defining  the 
coordinates  of  a  point  or  a  particular  site  where  the  upper  air  observations 
were  made.  In  the  former  case,  the  question  arose  as  to  whether  turbulence 
was  expected  to  occur  throughout  the  entire  area  or  whether  perhaps  Just  a 
patch  qomewhere  vithin  the  area.  In  the  latter  case,  it  is  not  known  whether 
the  designated  point  was  supposed  to  define  the  center  of  a  turbulence  area 
and  if  so,  the  horizontal  extent  of  the  anticipated  area  was  not  given.  Also, 
due  to  operating  limitations,  the  aircraft  was  not  always  able  to  fly  to  the 
forecast  area. 

In  any  event,  the  number  of  turbulence  forecasts  utilizing  a  particular 
method  are  in  most  instances  too  small  to  make  any  valid  and  statistically 
significant  comparisons  as  to  the  relative  accuracy  of  the  various  forecasting 
techniques . 

It  should  be  noted  that  the  rawinsonde  and  radiosonde  data  upon  which  vhe 
forecasts  were  based  were  usually  12  to  l8  hours  old,  and  in  the  case  of 
Global  Weather  Central  forecasts,  2h  to  $6  hours  old  by  the  time  a  test  was 
well  underway.  Hence  the  various  parameters  had  to  be  forecast  well  in 
advance  and  not  Just  evaluated  from  recent  observations.  For  some  of  the 
parameters,  such  as  fronts,  troughs  aloft,  and  perhaps  wind  speeds,  this  was 
not  difficult;  for  others,  such  as  vertical  wind  speed  and  direction  shear, 
isothermal  advection  patterns  and  Richardson  number,  the  problem  was  much  more 
difficult.  Forecastirg  mountain  waves  is  complicated  by  the  fe.ct  that  they  do 
not  always  cause  turbulence  at  flight  altltud.es.  Ir.  several  instances,  photo¬ 
graphs  were  obtained  of  wave  cloud  formations  over  mountains  below  but  no 
turbulence  was  encountered  at  flight  altitudes  even  though  the  winds  at  flight 
altitudes  were  flowing  perpendicular  wo  the  mountain  range. 
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All  available  radiosonde  ar.d  rawinsondo  data  n'ong  the  flight  track  for  each 
test  are  given  in  Appendix  X.  In  some  cases,  uml  especially  for  the  teatc  in 
Puerto  Klco  and  Alaska,  the  data  were  obtained  from  copies  of  the  original 
teletype  reports;  hence  a  few  reports  are  Incomplete  ana  some  may  contain 
coding  errors  and  omissions. 

In  order  to  reduce  the  data  to  manageable  proportions,  only  temperature  and 
wind  data  at  flight  ultitudoo  are  given.  These  Include  all  pressure  levels, 
■both  standard  and  significant,  (1L»)  between  ll/J  ar  1  AC  mb,  corresponding  to 
approximately  h ^ ,000  and  70,000  feet.  In  addition,  the  height  of  maximum  wind 
is  given  along  with  the  direction  and  speed  based  on  the  complete  ruwinsonde 
data  at  all  available  altitudes.  In  .Alaska  those  altitudes  included  the 
stratospheric  circumpolar  Jet  centered  mound  100,000  feet. 


ANALYSIS  AND  INTERPRETATION 

Effect  of  Terrain  on  Intensity,  Duration  ar.d  Continuity  of  Turbulence 

In  order  to  analyze  the  effect  of  the  terrain  below  on  the  intensity,  duration 
and  continuity  of  turbulence,  a  table  was  constructed  using  the  turbulence  data 
from  the  oscillograph  records  supplemented  by  information  from  the  pilots' 
notes  and  debrief  summaries.  Four  classifications  of  terrain  ware  considered, 
mountains,  hills,  relatively  flat  land,  and  water  surfaces.  For  each  test, 
the  intensity  of  turbulence  was  categorized  according  to  whether  it  was  very 
light,  light,  light  to  moderate,  moderate,  or  severe.  In  addition,  three 
categories  describing  the  duration  and  continuity  of  turbulence  were  consid¬ 
ered.  Turbulence  which  persisted  only  for  10  seconds  to  five  minutes  was 
categorized  as  a  patch,  and  if  longer  than  five  minutes,  it  was  classified  as 
either  Intermittent  or  continuous.  These  data  are  summarized  for  each  test 
area  in  Tc.ble  V. 

In  this  type  of  turbulence  classification,  it  should  be  recognized  that  there 
Is  but  slight  difference  between  a  succession  of  patches  and  intermittent 
turbulence.  The  distinction  was  based  upon  whether  the  oscillograph  record 
indicated  a  few  minutes  of  smooth  air  between  turbulence  areas,  or  upon  the 
pilot's  description  when  no  oscillograph  record  was  available.  The  five- 
minute  limitation  for  a  patch  of  turbulence  was  partially  based  upon  the 
pilot's  debrief  statements,  which  tended  to  refer  to  turbulent  areas  of  lesser 
duration  as  a  patch.  In  addition,  it  seems  reasonable  to  presume  that 
turbulent  areas  extending  more  than  3C  miles  may  bo  more  closely  related  to 
the  large-scale  meteorological  situation  than  to  the  local  terrain  below.  In 
each  test  the  most  intense  turbulence  and  its  duration  category  are  listed  for 
each  terrain  classification.  When  a  lees  intense  turbulence  category  was  of 
longer  duration  or  more  continuous,  this  category  was  also  entered. 


13 


A  level  at  which  the  temperature  data  indicate  a  change  in  gradient  or  lapse 
rate  where  temperatures  are  read  to  the  nearest  0.1  degree. 
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ACCORDING  to  terrain 


EDWARDS  AFB,  CALIF. 


Test 

No. 

Moun¬ 

tains'* 

Kills* 

Flat* 

Water* 

Teat 

No. 

Moun¬ 

tains* 

Ihlls* 

Flat* 

Water* 

39 

VL/P 

- 

VL/P 

VL/P 

54 

M/P 

- 

L-M/P 

- 

4o 

L/I 

- 

L/P 

L/P 

55 

L-M/P 

vl/c 

- 

0 

- 

in 

VL/P 

- 

0 

- 

56 

L/P 

- 

0 

- 

44 

L/P 

- 

L/P 

0 

113 

0 

- 

0 

- 

46 

M/P 

•• 

- 

- 

.114 

M/C 

- 

- 

- 

50 

L/P 

- 

L/P 

- 

115 

VL-M/C 

- 

0 

- 

51 

L/P 

- 

0 

- 

116 

VL/P 

- 

0 

0 

52 

0 

- 

0 

- 

159 

0 

- 

0 

0 

53 

L/C 

M/P 

- 

- 

l6o 

M/C 

- 

L-M/C 

- 

HAWAII 


Test 

No. 

Moun¬ 

tains* 

Hills* 

' 

Flat* 

Water* 

Teat 

No. 

Moun¬ 

tains* 

Hills* 

Flat* 

Water* 

58 

0 

0 

- 

0 

69 

0 

L/P 

- 

L/P 

59 

0 

vl/p 

- 

vl/p 

70 

0 

L-M/P 

- 

L/C 

6o 

0 

L/C 

- 

M/P 

L/C 

71 

L/I 

0 

- 

L/I 

61 

0 

0 

_ 

VL/C 

72 

0 

0 

0 

L/I 

62 

0 

0 

- 

L/P 

73 

0 

0 

- 

L/C 

63 

L-M/P 

L/C 

L/C 

- 

L-M/P 

L/C 

74 

VL/C 

VL/C 

- 

VL/C 

64 

0 

0 

- 

0 

75 

0 

0 

- 

M/C 

65 

L/I 

L/I 

- 

L/I 

76 

M/P 

M/P 

- 

M/C 

66 

L/P 

L/P 

- 

L/P 

77 

L-M/C 

L-M/C 

- 

L-M/C 

67 

L/P 

L/P 

- 

M/P 

78 

L-M/C 

l-m/c 

- 

M/C 

68 

0 

0 

- 

M/P 

L/I 

79 

M/P 

0 

- 

M/P 

83 

0 

0 

- 

L/P 

f 

¥ 


J 

i 


i 


I 

I 

I 


Ll4 
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TABLE  V.  TURBULENCE  CLASSIFICATION  ACCORDING  TO  TERRAIN  (Continued) 
CHRISTCHURCH,  NEW  ZEALAND 


Moun¬ 

tains* 

Hills* 

Flat* 

Water* 

Test 

No. 

Moun¬ 

tains* 

Hills* 

Flat* 

Water* 

0 

0 

L-M/P 

92 

0 

0 

- 

VL/P 

0 

0 

- 

M/C 

93 

M/C 

M/P 

- 

M/P 

M/P 

L/C 

m/p 

L/C 

- 

L/C 

94 

VL/P 

0 

- 

0 

k/c 

L/P 

M/P 

- 

L/P 

95 

0 

0 

M/C 

L/P 

- 

L/P 

96 

L-M/I 

VL/C 

0 

- 

M/P 

L/C 

inc 

inc 

“ 

inc 

97 

0 

0 

0 

Moun¬ 

tains* 

Hills* 

0 

0 

0 

0 

L-M/l 

0 

m/p 

L-M/C 

M/P 

m/c 

L-M/l 

l-m/c 

0 

LAVERTON 

,  AUSTRALIA 

r 

Water* 

Test 

No. 

Moun¬ 

tains* 

Hills* 

Flat* 

Water* 

- 

ga 

L/P 

L/P 

L/P 

- 

- 

L/P 

M/P 

0 

- 

- 

107 

0 

L-M/C 

fVc 

- 

M/C 

108 

L/P 

L/C 

VL/P 

L-M/I 

L/P 

109 

M/P 

L-M/I 

0 

L/P 

0 

Test 

No. 

Moun¬ 

tains* 

Hills* 

Flat* 

121 

0 

L-M/P 

L/C 

M/P 

L-M/I 

122 

0 

VL/P 

VL/C 

123 

- 

L/P 

0 

124 

0 

vl/i 

L/P 

L/P 

125 

0 

VL/P 

VL/P 

126 

M/P 

M/I 

- 

130 

VL/P 

VL-M/I 

VL-L/C 

VL-L/C 

—  ,J 

HANSCOM 

AFB, 

MASS. 

L-M/P 

0 


Test  Meun- 
Nu.  tains* 


L-M/C 

VL/P 

VL/P 

L/P 


Hills*  Flat*  Water* 


M-S/l 

L-M/C 

L/C 

VL/P 

L/P 

M/P 


VL/P 

L-M/C 


0 


0 
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TABLE  V.  TURBULENCE  CLASSIFICATION  ACCORDING  TO  TERRAIN  (Concluded) 


RAMEY  AFB,  PUERTO  RICO 


Test 

No. 

Moun¬ 

tains* 

— 

i.nis* 

Flat* 

Water* 

Test 

No. 

Moun¬ 

tains* 

Hills* 

Flat* 

Water* 

l4o 

- 

0 

L-M/C 

148 

„  . 

VL/P 

l4l 

- 

0 

L-M/P 

l/c 

149 

- 

- 

- 

VL/  C 

142 

- 

L/P 

- 

L/C 

150 

- 

- 

- 

L/P 

143 

- 

- 

- 

0 

151 

- 

- 

- 

M/C 

3.44 

L/X 

L/P 

" 

M/P 

L-M/C 

152 

- 

- 

- 

L-M/l 

145 

- 

- 

- 

0 

153 

- 

L/C 

- 

VL/'C 

146 

147 

0 

L-M/P 

- 

L-M/F 

L/C 

M/C 

154 

L/C 

L/P 

_ 

ELMENEORF  AFB,  ALASKA 


Test 

No. 

Moun¬ 

tains* 

Hills* 

Flat* 

Water* 

Test 

No. 

Moun¬ 

tains* 

Hills* 

Flat* 

Water* 

163 

VL/P 

vl/c 

VL/C 

VL/C 

171 

0 

0 

0 

0 

164 

l-m/c 

0 

0 

L-M/C 

172 

L/P 

L/I 

L/P 

0 

165 

0 

L/C 

L/C 

VL/P 

173 

M/C 

L-M/C 

L-M/P 

M/C 

166 

L/C 

0 

0 

0 

174 

VL-L/C 

L/P 

0 

0 

L-M/P 

167 

0 

0 

0 

0 

175 

0 

'/L/P 

0 

n 

168 

ino. 

inc . 

inc . 

inc . 

176 

0 

0 

0 

0 

169 

VL/P 

0 

vl/c 

VL/P 

177 

0 

0 

0 

0 

170 

0 

0 

0 

0 

178 

VL/P 

0 

0 

0 

Legend 

0  -  Smooth  air 
VL  -  Very  Light 
L  -  Light 
M  -  Moderate 
C  -  Continuous 
P  -  Patchy 
I  -  Intermittent 


-  No  extensive  areas  of 
this  terrain  condition 
were  flown  over  on  this 
flight. 

*  Mountains  -  Over  25UO  ft 
Hills  -  500  to  2500  ft 
Flat  -  0  to  5C0  ft 

Water  -  Ocean  or  largo  hay 
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An  examination  of  the  data  ir.  the  tables  shows  no  consistent  relationship  from 
day  to  day  between  types  r>r  ■  ..rrairi  end  intensity,  duration,  and  continuity  of 
turbulence.  On  some  days,  the  turbulence  wac  more  intense,  more  extensive, 
and  more  continuous  over  rougher  terrain,  but  on  other  occasions,  the  reverse 
was  true.  It  would  appear  that  there  exists  some  mechanism  which  produces 
turbulence  that  is  quite  independent  of  the  type  of  terrain  directly  beneath. 
Examples  of  such  mechanisms  would  be  fronts  and  troughs  which  move  across  an 
area  comprising  all  classifications  of  terrain.  Moreover,  turbulence  associ¬ 
ated  with  mountain  waves  usually  extends  from  its  source  mariy  miles  downwind 
over  terrain  which  may  be  relatively  flat  or  entirely  level,  e.g.,  the  ocean. 

Turbulence  Intensity  as  a  Function  of  Geographical  Location 

In  order  to  examine  the  relationship  between  turbulence  intensity  and  terrain 
as  a  function  of  geographical  locution,  the  data  from  Table  V  are  summarized 
in  Figure  5.3>  in  which  turbulence  intensity  is  summarized  in  terms  of  percent 
of  tests  when  it  was  encountered  regardless  of  the  duration  or  extent,  i.e., 
whether  just  a  patch,  a  long  intermittent  or  continuous  run.  In  addition, 
transition  intensities  arc  here  categorized  as  the  more  intense,  i.e.,  Very 
light  is  classified  light  and  light  to  moderate  is  classified  as  moderate, 
'lbrrain  classifications  which  apply  to  only  a  relatively  small  percentage  of 
the  terrain  beneath  the  flight  tracks  are  not  included.  An  exception  might  be 
Hawaii,  but  in  this  area  the  flight  tracks  were  concentrated  over  the  islandB, 
and  especially  the  large  island  of  Hawaii. 

Influence  of  Convect ion 

The  influence  of  pure  convection  on  the  absence  of  thunderstorms  is  difficult 
to  assess,  but  comparing  the  turbulence  categories  over  hilly  terrain  in  the 
eastern  U.3.  during  the  early  fall  season  with  the  corresponding  figures  for 
mountainous  terrain  in  the  southwestern  U.S.  representative  mostly  of  the 
winter  season,  it  is  evident  that  the  percentage  frequencies  of  moderate 
turbulence  are  similar.  However,  the  frequency  of  light  turbulence  in  the 
east  is  about  50  percent  greater  than  in  the  southwest.  From  thoBe  figures  it 
is  only  possible  to  otat'j  that  pure  convection  due  to  surface  heating  may  cause 
an  increase  in  light  turbulence  at  flight  altitudes.  On  at  lonst  four  occa¬ 
sions,  patches  of  very  light  to  light  turbulence  were  encountered  over  the 
Virgin  Islands  in  an  otherwise  tranquil  area.  However, in  the  Hawaiian  Islands, 
the  turbulence  was  not  always  present  over  the  islands  and  seemed  to  occur 
when  a  jet  stream  or  trough  aloft  was  present  und  hence  cannot  be  attributed 
to  pure  convection.  Moreover,  the  persistent  cloudiness  over  the  low-lying 
portions  of  the  islands  would  tend  to  minimize  surfuce  heating  since  only  the 
mountain  peaks  were  exposed. 

Meteorological  Parameters  as  Related  to  Turbulence 

It  in  well  known  that  turbulence  is  frequently  associut-id  with  u  jot  stream, 
but  the  data  show  that  a  jot  stream  centered  in  the  altitude  range  20,000  to 
40,000  feet  does  not  necessarily  imply  there  will  bo  turbulence  ut  the  higher 
altitudes.  The  stror.gun  of  the  Jet  stream  is  not  closely  correlated  with  the 
occurrence  or  the  Intensity  of  turbulence.  In  Australia,  the  jet  utroum  speed 
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averaged  around  150  knots  and  on  at  least  one  occasion  reached  200  knots;  yet 
the  frequency  of  occurrence  of  turbulence  such  greater  than  "in  other 

areas  -..here  the  jet  stream  speeds  averaged  much  less.  Since  the  magnitude  of 
the  horizontal  and  vertical  speed  shears  are  frequently  closely  related  to  the 
ir.axlir.ii-n  speed  of  the  jet,  it  is  not  surprising  tc  find  that  these  parameters 
do  not  always  correlate  well  with  the  occurrence  of  turc lence .  The  same  may 
be  said  of  the  Richardson  number,  although  this  includes  the  temperature 
gradient  as  well.  Nevertheless,  certain  generalizations  may  be  made  from  the 
available  meteorological  data,  the  turbulence  data,  and  the  pilot  reports. 

Since  mountain  wave  turbulence  is  initiated  by  the  vertical  displacement  of 
air  streams,  it  might  be  assumed  that  turbulence  over  other  types  of  terrain, 
which  appears  quite  similar  d.n  nature  and  occurs  at  nearly  the  same  frequency, 
might  also  be  initiated  by  air  streams  being  subjected  to  a  vertical  displace¬ 
ment-  Converging  or  diverging  air  currents  aloft  and  thermal  advecti.on 
patterns  whereby  the-  isotherms  cross  the  streamlines  or  various  combinations 
of  these  must  be  expected  to  be  associated  with  vertical  motion.  For  example, 
in  the  Puerto  Ricun  area,  turbulence  was  found  to  occur  on  one  or  more  occa¬ 
sions  In  an  urea  of  converging  or  diverging  wind  currents,  over  frontal  zones, 
or  In  an  area  of  cooling  aloft.  On  several  occasions  turbulence  in  the  south¬ 
western  U.S.  was  associated  with  an  isothermal  advection  pattern,  and  on  at 
least  one  occasion,  vertical  wind  direction  shear  (which  according  to  the 
geostrophic  thermal  wind  relationship  implies  an  isothermal  advection  pattern) 
was  used  successfully  to  predict  turbulence . 

During  some  tests,  the  temperature  in  the  turbulence  area  was  found  to  be 
several  (up  to  eight)  degrees  warmer  or  colder  than  the  air  on  either  side; 
this  strongly  suggests  that  the  air  had  descended  and  warmed,  or  ascended  and 
cooled  adiubatically .  In  the  eastern  U.S.  and  in  the  Hawaiian  area,  a  trough 
aloft  was  present  on  most  of  the  days  with  turbulence,  In  the  Alaskan  area, 
where  150,  100,  and  50  mb  charts  were  prepared,  the  isothermal  advection 
pattern  proved  very  useful  for  prediction  purposes  -  and  correlated  well  with 
the  occurrence  of  turbulence.  The  idea  here  is  that  the  isotherms  do  not 
advect  or  move  with  the  speed  of  the  wind  but  appear  at  least  in  part  as  a 
consequence  of  vertical  motion. 

Cloud  Forms  as  Related  to  Turbulence 

While  most  of  the  clouds  observed  and  photographed  were  well  below  flight 
altitudes,  some  interesting  relationships  between  cloud  forme  and  turbulence 
were  noted. 

•  Turbulence  is  very  likely  to  occur  above  an  abrupt  edge  of  a  cirrus 
deck  or  above  a  large  break  In  the  cirrus  deck.  Such  an  abrupt  break 
might  well  be  produced  by  descending  air. 

•  Photographs  tuken  in  smooth  air  of  low  lenticular  clouds  over  mountain 
ranges  indicate  that  mountain  waves  are  not  always  associated  with 
turbulence  at  flight  altitudes.  However,  lenticular  cirrus  are  more 
likely  to  be  associated  with  turbulence  and  the  higher  the  lenticulars 
the  greater  the  probability  of  turbulence  at  flight  altitude. 
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•  Turbulence  is  very  likely  to  occur  in  clear  air  above  the  tops  and  at 
oome  distance  (up  to  20  miles)  horizontally  from  thunderstorms. 

•  Cirrus  streaks  or  wisps  and  long  streaming  cumulo-nimbus  anvils  are 
indicative  of  the  presence  of  a  ,Jet  stream  which  sometimes  is  associ¬ 
ated  with  turbulence.  Frequently  alto-curaulue  (cotton  balls)  are 
oriented  in  parallel  bands  along  the  direction  of  the  ,-et  stream. 

Flight  Description 

As  an  aid  to  further  and  more  detailed  HICAT  analyses,  a  brief  summary  of  the 
meteorological  situation  and  pilot's  debrief  statements  are  included  for  each 
test  .i.n  Appendix  IX  and  appear  on  the  page  facing  each  flight  track  map. 

When  no  pilot  report  was  available  -  such  as  when  a  flight  was  aborted  -  no 
meteorological  summary  was  prepared. 
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SECTION  VIII 
CONCLUSIONS 


The  HICAT  measurements  were  obtained  in  U-2  test  flights  covering  approximately 
256,000  miles  in  seven  geographical  areas.  The  following  conclusions  are  baBed 
upon  an  analysis  of  the  clear  air  turbulence  measured  in  these  flights  in  the 
altitude  band  from  45,000  to  70,000  feet: 

1.  In  the  areas  investigated,  turbulence  appears  to  occur  most  frequently 
in  the  altitude  bund  from  50,000  to  55,000  feet. 

2.  In  terms  of  physical  extent,  regions  of  continuous  CAT  vary  consid¬ 
erably  in  length.  Lengths  measured  by  .level  traverses  ranged  from 
about  1000  feet  to  more  than  125  miles.  Roughly  half  the  regions 
measured  exceeded  l4  railes  in  length,  but  only  about  5  percent  of 
the  total  were  longer  than  100  miles. 

3*  Based  upon  a  very  small  number  of  high-rate  climbs  and  descents,  the 
thickness  of  CAT  areas  was  found  to  vary  from  about  500  feet  to  more 
than  7000  feet.  The  thickness  of  most  of  the  regions  penetrated  was 
less  than  3000  feet. 

4.  A  comparison  of  the  turbulence  measured  in  the  HICAT  program  with 
that  measured  by  VGH  recorders  in  U-2  operational  flights  (Refer¬ 
ence  2,  NASA  MJ  D-540)  on  the  basis  of  frequency  of  exceedance  of 
derived  equivalent  gust  velocity  Indicates  the  following: 

a.  'Excluding  from  the  TN  D-548  data  the  operations  over  Japan  — 
where,  primarily  as  the  result  cf  two  individual  flights,  the 
turbulence  exposure  was  markedly  more  severe  than  over  other 
areas  of  the  world — turbulence  wac  encountered  about  4.5 
times  as  frequently  in  the  HICAT  program  as  in  the  U-2  opera- 
tional  flights,  but  was  comparable  ir.  intensity.  The  higher 
frequency  of  encounter  in  the  HICAT  flights  1b  to  be  expected, 
since  these  flights  were  specifically  directed  toward  locating 
and  flying  through  turbulence. 

b.  With  the  data  obtained  over  Japan  included  in  the  TN  D-548 
results,  the  turbulence  intensities  reported  in  TN  D-548  were 
significantly  higher  than  measured  in  the  HICAT  program.  Tne 
maximum  U^e  reported  in  TN  D-548  was  20  fps;  the  highest 
measured  in  the  redirected  HICAT  program  was  12.6  fps,  with  a 
value  of  16.7  fps  reached  in  the  earlier  HICAT  flights.  Even 
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ordinarily  specified  for  structural  design. 


c.  In  both  programs,  turbulence  in  the  60,000  to  70,000-foot 
altitude  band,  was  less  frequent  and  less  severe  than  in  the 
1*0,000  to  60,000  foot  band. 

5.  In  the  high  OAT  gUBt  velocity  power  Bpectra,  the  measured  power 

spectral  densities  are  characterized,  on  the  average,  by  elopes  on 
the  log-log  plots  of  -1.5  to  -1.7  for  the  horizontal  components  of 
turbulence  and  -1.25  to  -1.4  for  the  vertical  component. 


Ihe  power  spectral  density  curves,  on  the  average,  remain  straight 
or  very  nearly  straight  on  the  log-log  plots  throughout  the  full 
range  of  wavelengths  for  which  calculated,  from  200  to  40,000  feet. 
The  longer  wavelength  components  indicate  a  scale  of  turbulence  of 
at  leaBt  6000  to  8000  feet.(l6) 


6.  A  comparison  of  the  gUBt  velocity  component  power  spectral  densities 
indicates  the  horizontal  components  of  turbulence  to  bo  about  equal 
in  severity  on  the  average,  to  the  vertical  component  at  the  highest 
measured  frequencies  (roughly  0.007  cycles  per  foot)  but  to  be 
somewhat  more  severe  at  the  lower  frequencies.  Rms  gust  velocities 
obtained  by  integrating  the  power  spectral  densities  over  the  fre¬ 
quency  range  from  0.0005  to  0.007  cycles  per  foot  indicate  that  the 
horizontal  components  exceed  the  vertical  by  20  to  45  percent  with 
the  lower  figure  applicable  to  the  higher  turbulence  intensities. 

At  the  longest  wavelengths,  there  is  some  indication  that  this  per¬ 
centage  increases,  so  that  the  turbulence  becomes  even  more 
anisotropic. 

7-  The  turbulence  encountered  in  the  HICAT  flights  seldom  occurred  in 

uniform  patches  of  more  than  half-minute  traverse  time.  Consequently, 
tf'unp.'es  of  several  minutes'  duration,  and  to  an  even  greater  extent, 
hit  few  samples  close  to  1 6  minutes'  duration,  vary  significantly  in 
turbulence  intensity  throughout  the  sample.  As  a  result, at  least  in 
part, of  this  lack  of  stationarity,  the  ratio  of  peak  airplane 
acce  la rati rn  or  load  measured  during  a  HICAT  turbulence  traverse,  to 
the  measured  rms  value  for  the  same  sample,  has  been  found  to  range 
from  1.25  to  2.25  times  the  ratio  indicated  by  theory  (Rice's 
equation)  for  b  stationary  Gaussian  time  history. 

8.  From  the  meteorological  standpoint,  the  following  observation!’,  uro 
significant: 

a.  High  altitude  CAT  occurs  over  all  types  of  terrain. 


Scale  cf  turbulence  here  means  the  constant,  L,  in  the  Von  Karman  equation  - 
or  similar  equations  -  defining  gust  power  spectral  density  as  a  function  ol' 
frequency. 
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b.  High  altitude  GAT  appears  to  be  as  prevalent  in  subtropical 
latitudes  during  transition  seasons  of  spring  and  fall  as  in 
mid-latitudes  during  the  winter  seasons.  However,  there 
appears  to  be  a  definite  decrease  in  occurrence  of  GAT  in  polar 
rogions  during  winter  when  the  polar  front  and  major  storm 
systems  have  migrated  south  to  lower  lati-cudes. 

c.  Potential  high  altitude  CAT  areas  con  sometimes  be  Identified  by 
the  type  and  form  of  clouds  below.  No  particular  type  of  oloud 
could  be  identified  which  was  always  associated  with  CAT  at 
flight  altitude  and,  of  course,  turbulence  can  occur  in  a 
completely  cloudless  sky. 

d.  Of  the  many  forecasting  methods  which  were  UBed  to  predict 
regions  of  GAT,  few  were  very  successful  in  defining  specific 
areas  of  turbulence.  Those  most  successful  involved  parameters 
such  as  troughs  aloft,  fronts,  converging  w'nds,  and  thermal 
advection  or  associated  wind  directibn  shear.  All  of  these 
parameters  may  be  associated  with  tne  seme  mechanism,  namely 
ascending  or  descending  air  masses.  In  which  vise,  the  mech¬ 
anism  for  producing  turbulence  would  be  the  same  as  that  for 
turbulence  associated  with  mountain  waves,  thunderstorms,  or 
other  areas  of  intense  convective  activity. 

9<  A  full  time  meteorologist  is  needed  in  the  field  in  order  to  provide 
continuity  to  the  forecasting  program  and  regular,  systematic 
verification  of  forecasts.  (17) 


IT 


This  improvement  has  already  been  effected  in  the  new  HICAT 
(Reference  6). 


program 
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APPENDIX  I 

HICAT  TEST  SUMMARY  TABES 


This  appendix  consists  of  the  HICAT  TeBt  Summary  Table.  For  the  most  part, 
the  entries  are  self-explanatory j  however,  Borne  amplification  is  presented  in 
the  following  paragraphs . 

An  "f"  or  "c"  under  the  test  number  indicates  ferry  or  check  flight  respec¬ 
tively.  The  symbols  following  the  run  numbers,  L  (level),  T  (turn),  C  (climb), 
and  D  (descent)  are  indicative  of  the  aircraft  flight  path  during  the  turbu¬ 
lence  penetration.  X  and  Y  distances  from  the  base  are  obtained  from  the 
inertial  platform.  Average  altitude  is  obtained  when  possible  from  the  high- 
altitude  pressure  sensor  and  has  been  corrected  for  position  error.  The 
aircraft  heading  angle  is  obtained  from  the  inertial  platform  and  can  differ 
from  the  ground  track  angle  depending  upon  atmospheric  winds.  The  heading 
angle  is  measured  from  true  north  to  the  direction  the  aircraft  1b  pointed. 

The  average  wind  direction,  following  meteorological  convention,  is  measured 
from  true  north  to  the  direction  from  whioh  the  wind  is  blowing. 

The  intensity  of  the  turbulence  in  each  run  is  indicated  in  several  ways.  It' 
is  classified  subjectively  in  accordance  with  the  oscillogram  editing  notes  as 
VL  (very1  light) ,  L  (light),  etc.  It  is  described  by  the  maximum  and  minimum 
incremental  eg  acceleration,  the  maximum  and  minimum  derived  equivalent  gust 
velocity,  the  root  mean  squere  (rms)  eg  acceleration,  and  rms  derived  equiva¬ 
lent  gust  velocity.  In  addition,  where  trur;  gust  velocity  components  were 
computed,  the  CAT  intensity  is  also  indicated  for  qualifying  gust  runs  by  their 
truncated  spectral  rms  values  at  2000  feet  wavelength  and  at  the  maximum 
standard  wavelength,  i.e.,  one  of  the  following:  4000,  10,000,  20,000  or 
40,000  feat.  For  some  runs  a  considerable  reduction  in  statistical  reliability 
was  accepted  in  order  to  obtain  rms  data  up  to  the  40,000-foot  wavelength. 

These  cases  ere  indicated  by  an  asterisk. 

Gaps  in  the  table  occur  when  the  eg  acceleration  or  U^y  peuk  count  data 
indicate  the  turbulence  web  of  insufficient  intensity  or  duration  tc 
warrant  further  processing  to  determine  gust  velocity  time  histories  and 
power  spectra.  Gaps  also  result  from  instrument  or  equipment  malfunctions. 
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APPENDIX  II 

INSTRUMENTATION  SYSTEM 


GENERAL  DESCRIPTION 

The  airborne  data  acquisition  system  Is  a  digital  system  employing  Pulse  Code 
Modulation  (PCM)  techniques.  The  system  accepts  data  signals  from  various 
sources  and  processes  them  into  a  digital  format  which  is  supplied  to  a  magnetic 
tape  recorder  for  storage.  The  data  signals  are  also  recorded  concurrently  on 
an  oscillograph  for  purposes  of  quick-look  analysis  and  data  sensor  performance 
evaluation  after  flight.  The  basic  HICAT  instrumentation  list  1b  given  in 
Table 

Analog  data  signals  are  routed  to  the  PCM  system  from  a  variety  of  Bensors.  A 
specially-designed  gust  probe  provides  measurement  of  airspeed  and  gust  forces. 
An  inertial  navigation  system  provides  information  on  aircraft  attitudes , 
longitudinal  sad  transverse  displacement  and  velocity  ,  and  vertical  accelera¬ 
tion.  Additional  acceleration,  temperature,  angular  rates,  altitude,  and  con¬ 
trol  surface  position  information  is  supplied  from  strategically  located  sensors 
throughout  the  test  aircraft.  Through  the  use  of  appropriate  conditioning 
equipment,  these  signals  are  standardized  to  a  0-  to  +5-volt  excursion  domain 
prior  to  entry  into  the  PCM  Myatem.  The  PCM  system  also  accommodates  five 
channels  of  external  digital  information  vhich  is  generated  by  thumbwheel 
switches  located  on  the  pilot's  instrumentation  control  panel  and  by  other 
■vitchea  external  to  the  system. 

The  magnetic  tape  generated  in  the  airborne  system  must  be  processed  through  a 
PCM  ground  station.  This  equipment  first  de commutates  the  time-multiplexed  data 
into  its  component  data  signals.  Monitoring  equipment  In  the  station  provides 
for  direct  visual  display  and  digital-to-analog  conversion  for  a  limited  number 
of  selectable  channels.  Concurrently,  the  deoommutated  data  is  made  available 
to  a  buffer- formatter  which  assembles  the  data  into  a  preprogrammed  computer- 
compatible  format.  Under  control  of  the  formatter,  an  output  tape  deck  gener¬ 
ates  a  gapped- format  magnetic  tape  which  can  then  be  processed  directly  through 
computing  equipment  for  the  final  automatic  data  processing. 

FUNCTIONAL  DESCRIPTION  OF  AIRBORNE  EQUIPMENT 

The  instrumentation  system  major  components  are  mounted  Just  behind  the  pilot 
in  the  aircraft  Q-bay  with  the  exception  of  some  signal  conditioning  units, 
■mnsers,  and  control  panels  vhich  are  of  necessity  located  throughout  the 
aircraft.  Locations  of  instrumentation  system  component!)  are  shown  in  Fig¬ 
ure  5^.  Most  of  the  equipment  housad  in  the  Q-bey  can  be  seen  in  Figures  55, 

56,  and  57. 
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TABLE  VI.  HICAT  INSTRUMENTATION  LIST  AND  SENSOR  CHARACTERISTICS 
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Figure  55 •  Instrumentation  Hatch.  Note  PCM  package  and  instrumentation 
J-Box  on  top  shelf.  Time  code  generator,  IN- 3  computer,  and 
LN-3  adapter  are  on  lower  shelf. 


Figure  56.  Aft  View  of  Instrumentation  J-Box 
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Figure  57.  View  of  Magnetic  Tape  Recorder,  Ul-3  Stable  Plat¬ 
form  and  SPARMO  Radiation  Instrumentation  (Lower  Left). 


PCM  SYSTEM 

The  PCM  system  was  designed  and  manufactured  to  Project  HICAT  specifications 
by  HynatronioB ,  Incorporated,  of  Orlando,  Florida.  In  general.  It  is  a  10- 
bit  digital  system  with  a  corresponding  channel  resolution  of  one  part  in  102b 
and  an  accuracy  capability  of  0.1  percent. 

Exclusive  of  transducers  and  recorders,  the  airborne  PCM  system  is  housed  in 
three  packages:  The  PCM  package,  the  time  code  generator,  and  the  syBtem 
control  panel.  The  PCM  system  package  is  contained  within  a  maximum  envelope 
of  7  inches  high  by  3b. 75  inches  long  by  13.2  inches  wide;  the  package  weighs 
lb3  pounds.  The  time  code  generator  is  confined  to  5.0  inches  wide  by  10.5 
inches  high  by  20.5  inches  deep  and  weighs  26  pounds.  The  system  Is  designed 
to  operate  over  a  temperature  range  of  -10°C  to  +80°C,  at  altitudes  from  sea 
level  to  50,000  feet,  and  to  withstand  a  range  of  temperatures  from  -55°C  to 
+125°C  In  a  nonoperating  condition.  The  system  is  also  designed  to  withstand 
vibration  levels  of  0.08  inches  double  amplitude,  10  to  50  Hz,  and  of  up  to 
10&  random,  50  to  2000  Hz  and  3  axis  shocks  to  30g  for  up  to  11  milliseconds, 
as  well  as  relative  hvuni  .'i'y  up  to  100  percent  with  sand  and  dust  conditions 
as  encountered  in  desert  ureas 
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Figure  58.  EICAI  Digital  Instrumentation  System. 
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PCM  system  function#  ara  described  in  the  following  paragraph#  and  depicted  in 
uluuk  lOi-m  in  Figure  rhotographe  of  the  components  are  given  m  Fig- 

Urea  59,  60,  6l,  and  62. 

The  PCM  system  contains  main  power  aupplie#,  digital  timing  and  control,  PCM 
format  generation,  analog  amplifier#,  multiplexing,  and  digitizing  circuitry. 
The#e  oircuite  employ  both  integrated  and  discrete  component  logic  element#. 
Prime  #yetem  timing  is  derived  externally  in  the  time  code  generator  pB.ckage. 

The  PCM  system  ie  best  described  in  terms  of  its  analog  and  digital  subsystems. 

Analog  Subsystem 

The  function  of  this  subsystem  is  to  accept  40  analog  inputs,  sacyue  and  store 
these  signals,  and  convert  them  to  equivalent  10-bit  binary  codes*.  All  analog 
samples  are  acquired  within  a  maximum  period  of  one  millisecond. 

The  front  end  of  the  subsystem  is  a  differential  buffer  amplifier  for  each 
channel  whioh  accepts  a  0-  to  ♦5-volt  data  signal.  The  main  function  of  the 
amplifier  is  to  provide  impedance  buffering  between  the  analog  signal  Bource 

and  the  data  filter  which  follows.  Input  impedance  of  thlB  t-mplifier  1b 

nominally  200  kilohms.  Secondary  functions  of  thiB  amplifier  include  limited 

gain  control,  common  mode  volt«.ge  rejection  control,  and  differential  over¬ 

voltage  protection  against  input  voltages  of  up  to  35-vde. 

Following  the  buffer  amplifier,  the  data  signal  1b  applied  to  a  passive  lov- 
paa#  filter.  Tho  filter  i#  a  3-terminal,  8-pole  Buttervortb  network  with  a 
paasband  (-3  db  point)  of  zero  to  7  Hz  and  a  rolloff  rate  of  -1*6  db  per  octave. 
It  in  a  oohatant  amplitude  device  with  an  attendant  lagging  phase  shift  vhoBe 
■lope  i#  constant  to  about  4  Hz.  Transfer  function  of  a  typical  filter  i#  given 
in  Figures  63  and  64.  The  power  spectra  in  Figures  65  through  82  illustrate 
the  attenuation  effect  of  the  low  pass  filters  on  the  critical  gust  velocity 
measurements.  Not#  the  absence  of  significant  power  at  frequencies  above 
12.5  Hz  (an  indication  that  aliasing  effects  are  negligible,  Bee  Aliasing 
Errors  iHa-ntssica  ir.  Caution  Vi). 

After,  the  data  has  been  subjected  to  filtering,  the  signal  is  applied  to  a 
aample-and-hold  network.  The  function  of  this  network  is  to  provide  on  analog 
store  from  which  data  can  bo  read  out  at  the  proper  time.  The  4o  sample  gates 
are  triggered  simultaneously ,  said  all  4(1  channels  are  sampled  sequentially 
within  a  maximum  peril  d  of  one  millisecond.  Further  buffering  takes  place  in 
this  stage  in  order  to  provide  galvanometer  drive  capability  for  the  analog 
oscillograph  monitor  system. 

The  output  of  the  sample-and-hold  networks  is  fed  to  a  40-channel  high  level 
multiplexer.  Command  pulBes  to  the  multiplexer  are  derivod  in  one  digital  sub¬ 
system,  with  the  oequence  rate  controlled  by  a  front  panel  switch.  Available 
scan  rates  are  20,  25,  40,  and  50  frames  per  second.  Output  of  the  multiplexer 
is  a  serial  PAM  (Pulse  Amplitude  Modulation)  pulse  train. 

The  multiplexer  output  is  then  applied  to  the  analog— to— digital  con/orsiori 
olrouitry.  Conversion  is  performed  by  half-split  ouccessive  approximations  in 
which  the  PAM  signal  is  compared  with  precision  voltages  generated  within  the 
converter,  and  registers  are  set  until  the  sum  of  the  precision  voltage  seg¬ 
ments  equals  the  input  PAM  magnitude.  The  10-bit  binary  output  from  T.ne 
registers  is  then  made  available  to  digital  multiplexing  circuitry  to  enable 
the  binary  code  t,o  be  entered  into  the  data  format. 
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Figure  6^.  Amplitude  Keaponae  of  HICAT  Passive  low  Puna 
Filter  at  Hocm  Tempcmturo 
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figure  66.  Power  Spectrum  of  Bctu-Vano  Force 
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Figure  6(.  Fever  Spectrum  of  Indiunted  Alrspcod 
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FREQUENCY- CYCLES /SEC 

Plguro  69.  .Power  Spectrum  of  Guat  Probe  Lateral  Acceleration 
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Figure  72.  Itover  Spectrum  of  CO  Lateral  Acceleration 
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Figure  73.  Power  Spectrum  of  CO  Longitudinal  Acceleration 
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Figure  75.  Power  Spectrum  of  Roll  Kate 
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Figure  76.  Power  Spectrum  of  Yew  Hate 
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Figure  78.  Power  Spectrum  of  Roll  Angle 
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Figure  81.  Power  Ppectrum  of  X  Velocity 
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For  calibration  and  maintenance  purposes,  the  data  aignal  flow  may  be 
interrupted  between  the  analog  multiplexer  and  the  analoa-to-digital  (A/D] 
converter  with  a  circuit  card  vhloh  permits  calibrate  aignala  to  be  applied 
directly  to  the  A/D  converter  from  a  remote  aource  such  aa  the  field  checkout 
unit. 

Digital  Subsystem 

This  subsystem  develops  all  system  timing  from  a  10  kilohertz  aource  in  the 
time  code  generator  accepts  and  processes  digital  input  data,  generates  a 
binary  time-of-day  coda,  develops  a  parity  bit,  establishes  a  data  format 
sequence,  develops  control  signals  for  the  analog  subsystem  ^ sample -and -hold, 
multiplexer,  and  A/D  converter)  and  drives  the  record  heads  of  the  system  tape 
recorder. 

A  20-bit  frame  eynchronization  code  is  developed  on  a  removable  program  card 
vhloh  can  be  vired  for  any  desired  pattern  of  bits.  This  code  is  presented  to 
the  system  as  two  10-oit  words .  A  27 -bit  binary  time-of-day  code  is  developed 
and,  coupled  with  three  foroed-zeA  Bits,  presented  to  the  system  as  three  10- 
bit  vords.  The  remaining  five  10-bit  digital  input  channels  are  derived  from 
external  switch  contact  closures.  Twenty-four  of  these  50  bits  are  developed 
within  the  system  control  panel  fr'»  six  decimal  (0-9)  thumbwheel  switches, 
and  the  remaining  26  bits  sire  developed  from  external  contact  closures  within 
aircraft  systems. 

Each  of  ten  digital  multiplexers  accepts  a  10-bit  parallel  digital  word  (frame 
aync,  time  of  day,  etc.)  on  10  lines.  An  eleventh  multiplexer  accepts  a  10- 
bit  word  from  the  output  lines  of  the  A/D  converter  in  the  analog  subsystem. 

The  outputs  of  all  multiplexer  common  data  bit  lines  are  bussed  together  and 
then  processed  through  a  parity  generator.  This  network  develops  on  odd  parity 
bit  such  that  there  is  always  present  an  odd  number  of  logic  ONE  bits  in  each 
11-bit  data  word  (10  data  bits  plus  parity). 

The  combined  11  data  bits  from  the  digital  multiplexer  array  and  the  parity 
ganerator  are  gated  into  record  amplifier  storage  flip-flopB.  From  this 
storage,  data  enters  the  record  amplifiers  which  develop  NRZ-MARK  drive  currents 
for  the  digital  record  head  of  the  system  tape  recorder.  Concurrently,  syn¬ 
chronizing  clock  pulses  at  the  selected  system  word  rate  are  processed  through 
a  twelfth  record  amplifier  and  on  to  the  tape  deck.  The  airborne  data  frame 
format  la  shown  in  Figure  83. 

TIME  CODE  GENERATOR 

The  PCM  system  operates  in  conjunction  with  an  Astrodata,  Incorporated,  Model 
5100  time  cods  generator.  The  precision  frequency  standard  of  the  5100  is  a 
1  megaharts  crystal  oscillator  which  operates  in  a  temperature-stable  oven. 
Stability  of  the  oscillator  is  5  parts  in  10?  per  day  vith  a  corresponding 
equivalent  aocuracy  of  0.25  milliseconds  drift  per  dsy. 

A  standby  battery  la  contained  wLthin  the  time  code  generator  package  to  main¬ 
tain  accurate  time  accumulation  through  uny  primary  power  interruption.  The 
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Figure  83.  Airborne  Data  Frame  and  Tape  Format 

atandby  system  contains  Integral  charging  circuitry  from  primary  Bystem  power 
as  well  as  power-interrupt  sensors.  The  battery  has  capacity  tc.  operate  the 
time  code  generator  for  approximately  30  minutes. 

This  unit  develops  timing  information  in  various  modes  for  several  functions 
of  the  instrumentation  system.  1RI0  C  tlme-of-year  code  is  UBed  to  modulate  a 
100  Hz  carrier,  and  this  modulated  carrier  is  supplied  both  to  a  magnetic  tape 
analog  record  amplifier  and  to  the  airborne  oscillograph  for  recording.  This 
same  code  in  dc  level  shift  form  is  provided  to  the  PCM  package  end  can  be 
monitored  at  the  PCM  checkout  unit.  A  10-kilohertz  square  wave  is  provided  to 
the  PCM  system  from  which  all  PCM  timing  is  derived  through  counters  internal 
to  the  PCM,  Further,  1  pps  and  1  ppm  timing  signals  are  provided  to  the  PCM 
system  for  use  in  certain  monitor  functions  associated  with  the  PCM  field 
checkout  unit ',  and  power  is  provided  from  the  standby  battery  to  maintain  time 
accumulation  in  the  binary  time  generator  in  the  event  of  primary  power  Inter¬ 
ruption  to  the  PCM. 

Three  rotary  thumbwheel  switches  on  the  front  panel  of  the  time  code  generator 
are  used  to  insert  the  HICAT  test  number  in  coded  form  into  the  1BIG  C  time 
code. 
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Turbulence  Instrumentation 

Quit  Probe.’  The  determination  of  the  guat  velooity  components  of  atmospheric 
turbulenoe  from  an  air or aft  flying  through  it  generally  requires  the  measurement 
of  tvo  quantities: 

1.  Motion  of  the  aircraft  relative  to  the  ground. 

2.  Motion  of  the  air  disturbance  or  gusts  relative  to  the  aircraft. 

The  first  measurement  is  obtained  In  the  HICAT  program  by  recording  aircraft 
motion  with  respeot  to  inertial,  or  gravity  references  carried  aboard  the  vehicle.  4 

The  second  measurement  is  obtained  by  detecting  component  changes  In  flov  direc¬ 
tion  and  flov  velocity. 

The  measurement  of  Item  2  above  at  altitudes  above  50,000  feet  from  a  vehicle 
operating  at  high  subsonic  speeds  requires  a  sensor  designed  to  restrictive 
specifications.  It  must  operate  in  temperatures  ranging  from  -100°F  to  130°F 
and  atmospheric  pressures  from  0.5  pai  to  1^.7  psi  without  significant  change 
in  its  aero  reference  or  seneitltivity.  The  instrument  must  be  able  to  detect 
atmospheric  gusts  with  velocities  as  small  as  1/2  ft/sec  over  a  frequency 
range  from  near  aero  to  5  He.  In  practice  this  requires  an  ability  to  resolvs 
angular  changes  in  flov  direction  of  the  order  of  1/20  of  a  degree. 

The  fixed  vane  eeneor  developed  by  Lockheed  meets  these  requirements.  The 
sensor  consists  of  a  lightweight  wedge-shaped  vane  (4»inch  span  and  2- inch  chord) 
attached  to  a  sped  Ally  constructed  strain  gage  beam.  The  slotted  construction 
of  the  beam  allows  the  wedge  to  deflect  parallel  to  itself  under  load. 

Figure  81*  shows  how  this  deflection  takes  place  without  change  of  angle-of- 
incidence.  Note  that  this  would  not  be  the  case  if  the  wedge  were  mounted  on 
a  simple  beam  as  ehown  in  Figure  35.  Here  the  aerodynamic  lift  load  bends  the 
beem  and  causes  the  vane  to  rotate,  changing  the  angle  of  incidence  by  a  small 
but  undesirad  amount  (ho) . 

By  measuring  the  lift  load  in  terms  of  shear  instead  of  bending  moment,  con¬ 
siderations  of  moment  arm  changes  due  to  center-of-pressure  shifts  on  the  vane 
can  be  entirely  eliminated.  Figure  3U  shows  the  strain  gage  installation  used 
to  accomplish  the  measurement  of  the  vtne  vertical  shear  or  lift.  The  shear 
is  a  function  of  the  difference  in  the  bending  strains  between  the  forward  and 
aft  gage  stations.  The  Wheatstone  Bridge  circuit  arrangement  of  the  Btrain 
gages  produces  an  electrical  Bignal  directly  proportional  to  this  difference. 

At  the  same  time,  the  bridge  circuit  cancels  out  all  unwanted  responses.  That 
is,  there  is  no  electrical  response  due  to  twistine  of  the  vane  about  its 
longitudinal  axis ,  no  response  due  to  sideways  loading  of  the  vane,  and  no 
response  due  to  fore-and-aft  loading  of  the  vane. 

The  gust  aensor  is  strong  and  vary  stiff.  It  will  withstand  without  damage 
airloads  as  large  as  t 12  lb  distributed  over  the  surface  of  the  "ane  and  has 
a  natural  bending  frequency  of  155  Hz  as  mounted.  This  frequency  is  bo  much 
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....  greeter  theo  the  turbulence  frequanoi.es  of  interest  that  maximum  amplitude 
distortion  in  the  measurement  is  laaa  than  1  percent  for  frequencies  'below 
K>  Hi. 

Despite  its  rugged  construction,  the  gust  sensor  is  extremely  sensitive,  with 
an  output  of  12  mv/v  per  pound  of  lift  or  shout  0.15  mv/v  for  a  1  ft /sec  gust 
at  60,000  feet.  This  relatively  large  output  is  aohieved  through  the  use  of 
.  semiconductor  strain  gages  rather  than  the  usual  wire  or  foil  gages . 

The  HIGAT  grtv  probe  consists  of  one  vertical  sensor  (the  alpha  vane)  and  one 
lateral  gust  sensor  (the  hats  vane)  grouped  about  a  central  pitot-static  tube 
and  mounted  on  a  long  stiff  boom.  The  boom  supports  the  sensors  sufficiently 
fovurd  of  the  aircraft  nose  so  that  they  will  be  relatively  unaffected  by  the 
aircraft  flow  field.  The  boom  and  the  sensors  can  be  seen  in  Figures  86 
and  87.  Static  and  dynamic  pressures  at  the  boom  are  determined  by  a 
'Statham  strain  gage  type  airspeed  transducer.  The  boom  also  houses  the  United 
Control*  accelerometers  to  determine  normal  and  lateral  accelerations  of  the 
boom.  In  these  accelerometers,  the  seismic  mass  is  loosely  BUBpended  and 
.  retained  in  poaition  by  a  force  electromagnet! cally  developed  from  the  position 
error  or  the  mass.  The  restoration  force,  electrically  measured,  provides  a 
signal  proportional  to  acceleration.  The  resolution  and  accuracy  of  these  units 
are  sufficient  to  eliminate  the  need  for  dual  range  or  redundant  instruments. 

Aircraft  Accelerometers .  Aircraft  eg  normal,  lateral,  and  longitudinal  accel¬ 
erations  and  v£ng  nodal  accelerations  are  recorded  in  order  to  define  the 
response  of  the  aircraft.  Accelerometers  for  these  applications  are  United 
Controls  force  balance  types  described  in  the  preceding  paragraph.  A  typical 
installation  la  shown  in  Figure  88. 

Total  Temperature.  Outside  air  temperature  is  sensed  with  a  Rosemount 
Engineering  Model  102  total  temperature  probe  mounted  in  the  aircraft  nose . 
Within  the  altitude-airspeed  envelope  of  the  HICAT  test  aircraft,  this  instru¬ 
ment  has  a  frequency  response  that  is  flat  within  1  percent  to  about  5.7  He 
and  flat  within  5  percent  to  10  He.  The  Instrument  recovery  error,  which 
increases  with -Mach  number,  has  a  maximum  value  of  about  0.12°C  and  is  there¬ 
fore  considered  negligible.  The  self-heating  error  is  also  negligible.  ThiB 
instrument  can  be  seen  in  Figure  69. 


Altitude.  Aircraft  altitude  is  determined  in  three  presentations.  Coarse 
altitude  information  is  provided  by  a  Statham  strain  gage  pressure  transducer 
with  full  scale  output  over  the  range  0  to  75,000  feet.  A  second  system, 
manufactured  to  HICAT  specifications  by  Rosemount  Engineering,  provides  two 
outputs  of  high-resolution  Information.  The  first  is  a  full  scale  output  (0 
to  +5  volts)  for  the  overall  range  of  S  psl  which  corresponds  approximately 
to  an  altitude  range  of  46,400  feet  to  above  100,000  feet.  The  second  output, 
derived  from  the  same  pressure  transducer,  provides  full  scale  output  (0  to 
+5  volts)  in  each  of  16  bands  over  tha  same  altitude  range.  Switching  between 
adjacent  bands  is  accomplished  automatically j  and  the  operating  band  is  auto¬ 
matically  defined  by  4  switohas  whose  eotion  is  entered  in  binary-ooded-decimal 
form  into  the  PCM  digital  multiplexer.  The  Rosemount  system  is  enclosed  in  a 
temperature-controlled  environment  to  aohieve  an  overall  error  in  the  trans¬ 
ducer  of  lass  than  0.002  psl.  The  syatem  can  be  seen  in  Figure  90. 
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Figure  90.  Instrumentation  in  Aircraft  NoBe  Compartment 
(Rosemount  Altitude  System,  Rate  Gyros,  and 
VGH  Recorder) 

Attitude  Rates .  Rate  gyros  manufactured  by  R.  C.  Allen  provide  a  direct  measure 
of  aircraft  pitch,  roll  and  yaw  rates.  Gyro  output  is  an  ac  signal  from  a  micro- 
syn  which  is  demodulated  and  standardized  to  a  0  to  +5  volt  dc  signal  prior  to 
entry  into  the  PCM  system.  These  instruments  are  shown  in  Figure  90  also. 

Control  Surface  Position.  Surface  position  measurements  are  mads  by  high 
resolution  Giannini  potentiometers  linked  directly  to  aircraft  rudder,  aileron, 
and  elevator  control  surfaces. 

Auxiliary  Sensors.  Aircraft  functions  such  as  gear  and  flap  operation,  fuel 
consumption  and  flight  characteristics  which  are  quasi-static  or  infrequently 
changing  can  be  monitored  by  remote  switch  closure  and  entered  into  the  PCM 
data  format  aB  single-bit  information.  This  procedure  1b  described  in  the 
PCM  discussion. 

Auxiliary  data  recorded  by  this  method  uses  only  a  portion  of  the  PCM  ByBtem 
capability.  The  vernier  altitude  ByBtem  uses  four  bit  positions  to  depict, 
in  binary-ooded-de''imal  (BCD)  form,  the  specific  1  of  16  altitude  bands  in 
which  the  aircraft,  is  operating  at  any  given  time.  Two  bit  positions  are  used 
to  Indicate  two  pilot  signal  functions,  and  another  two  are  used  to  indicate 
navigation  system  fault  and  no-go.  One  bit  is  used  to  indicate  a  count  in  the 
fuel  consumption  instrumentation. 
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A  chart  showing  bit  usage  of  all  10  PCM  digital  channels  is  given  in 

Tible  yn. 

Inertial  Navigation  System  ( LN-3) .  Motion  of  the  test  aircraft  with  respect 
to  Earth  is  monitored  by  a  Litton  Industries  LN-3  inertiai  navigation  system 
carried  aboard  the  aircraft.  This  system  can  be  seen  in  Figures  55  mu  57. 

The  key  element  in  the  LN-3  system  is  the  inertial  platform,  which  isolates  the 
inertial  elements  from  the  aircraft  through,  a  four-axis  gimbal.  The  configura¬ 
tion  permits  unrestricted  angular  maneuverability  of  the  aircraft  and  prevents 
platform  "gimbal-look"  even  if  the  aircraft  were  to  pitch  through  the  vertical. 

Two  identical,  floated,  two-degree- of- freedom  gyroscopes  provide  platform 
stabilization  signals  to  platform  servos  which  maintain  three  identical  mutually 
perpendicular  accelerometers  in  a  fixed  orientation.  The  platform  thus  pro¬ 
vides  simultaneous  measurement  of  aircraft  acceleration  along  the  three  axes. 

The  platform  aligns  Itself  by  gyrocompaBsing  to  a  unique  grid  north  and  is 
maintained  at  local  level  by  appropriately  precessing  the  gyros.  The  platform 
is  contained  in  an  environmentally  controlled  package. 

TLot  sensitive  element  of  the  accelerometers  is  a  floated  pendulum  mounted  on 
Jewel-and-pivot  bearings  and  equipped  v.ith  a  sensitive  pickoff  and  precision 
torquer.  At  operating  temperature,  the  pendulum  maBS  is  adjusted  to  r.outral 
buoyancy  in  the  flotation  fluid  which  completely  fills  the  instrument.  An 
acceleration  along  the  sensitive  axis  produces  a  pickoff  Bignul  which  is  ampli¬ 
fied  and  returned  to  the  torquer  to  restore  the  pendulum  to  its  null  position. 
The  torquer  current  m  a  precise  measurement  of  the  sensed  acceleration,  and 
this  quantity  forms  the  basis  for  determination  of  aircraft  acceleration,  veloc¬ 
ity  and  position.  These  computations  are  performed  by  an  earth  reference 
computer  which  is  Integral  with  the  Bystem. 

The  gyroscopes  in  the  stabilized  platform  utilize  an  independently  floated 
gimbal  ring  and  a  spherical,  sealed-float  assembly  for  maximum  symmetry  and 
rigidity.  Precision  torquers  operating  in  permanent  magnetic  fields  torque 
the  gyroB  to  maintain  the  platform  locally  level.  Sensitive  pickoffB  moving 
in  high-frequency,  alternating  magnetic  fields  detect  displacements  of  the 
platform  about  each  gyro  axis. 

An  adapter  unit  in  the  LN-3  system  contains  a  heading  servo  system  and  the 
servo  followupB  which  provide  outputB  of  pitch,  roll  and  heading  angleB. 

For  the  HICAT  program,  nine  data  quantities  are  derived  from  the  precision 
LN-3  Byatem.  These  are:  vertical  acceleration,  pitch  angle,  roll  angle, 
heading  sine,  heading  cosine,  North-South  velocity,  North-South  distance,  East- 
West  velocity,  and  East-West  distance. 

Pertinent  performance  data  on  nil  HICAT  sensors  is  given  in  Table  VI. 
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Pilot  ‘  a  Ilia Li-uMcnttttiCui 

Bt“lo  instrumentation  power  functions  ewe  controlled  from  the  cockpit.  Remote 
switches  provide  on/off  control  of  the  PCM  system,  the  magnetic  tape  recorder, 
and  the  oscillograph.  Btart/Stop  and  Fast  Forward  controls  and  a  "Tape  Remain¬ 
ing"  visual  indicator  are  provided  for  the  tape  recorder  as  we] 1  as  Start/Ltop 
and  calibrate  control  for  the  oscillograph.  These  can  be  seen  in  Figures  6i 
and  62. 

Inertial  navigation  information  is  provided  to  the  pilot  independent  of  the 
instrumentation  system.  The  aircraft  ground  speed  1b  presented  and'  allows  the 
pilot  to  make  accurate  determinations  of  winds  aloft  as  well  as  easing  his 
navigation  effort.  The  aircraft  position,  in  nautical  milea  along  the  X  and 
Y  grid  system  from  his  point  of  origin,  is  also  displayed.  This  permits  the 
pilot  to  make  an  accurate  return  to  a  point  in  space  in  the  event  he  encounters 
turbulence  in  a  small  area.  It  also  enables  him  to  navigate  over  water  where 
no  fixes  exist.  ThUB,  on  an  over-water  n.iasion,,  the  pilot  can  fly  to  a  pre¬ 
determined  X  and  Y  position. 

The  pilot  may  enter  information  into  the  instrumentation  system  in  several  ways. 
The  PCM  control  panel  contains  six  thumbwheel  switches  previously  described, 
and  another  panel  provides  a  dual-mode  pilot  signal  toggle  switch. 

Thumbwheel  switches,  A,  B,  and  0  are  currently  unused.  Switches  D,  E,  and  F 
are  used  to  enter  HICAT  test  number  in  hundreds,  tens  and  units,  respectively. 
This  entry  is  generally  made  by  the  HICAT  field  team  rather  than  by  the  pilot. 
The  dual-mode  pilot  signal  toggle  switch  provides  either  a  steady  or  momentary 
event  signal.  These  signals  are  entered  into  the  PCM  digital  multiplexer  as 
remote  bits  11  and  12,  respectively,  and  are  recorded  concurrently  on  the 
airborne  oscillograph. 

Installed  in  the  cockpit  are  a  mechanical  accelerometer  and  an  outside  air 
temperature  indicator. 

The  pilot  carries  with  him  a  35-mm  Kodak  Motormatic  camera  to  take  still 
photographs  of  weather  formations  which  are  used  in  the  evaluation  of  turbulence 
data. 

SPARMO  Radiation  Counter. 

A  three-channel  radiation  detector  is  carried  aboard  the  HICAT  test  aircraft 
to  collect  auxiliary  data  not  peculiar  to  present  HICAT  investigations.  The 
3FARM0  unit  in  use  was  developed  a3  a  balloon-borne  device  to  detect  ionizing 
radiation  at  high  altitudes  and  is  an  outgrowth  of  a  sonde  that  has  been  in 
operation  for  several  years  at  Max-Planck-InBtitut  fur  Aeronomie,  Institut 
fur  StratoBpharen-Physik ,  Lindau/Harz,  Germany.  Development  of  the  present 
unit  was  done  in  cooperation  with  Laboratoire  CoBmique,  Meudon,  France  and 
Fa.  A.  Sprenger  KG.,  St.  Andreasberg,  Germany.  The  unit  was  supplied  to  the 
HICAT  Project  by  the  French  Cosmic  Physics  Laboratory  through  the  French 
Embassy  in  Washington,  D.C.  A  block,  diagram  of  the  system  Is  given  in  Fig¬ 
ure  91,  and  the  installation  in  the  aircraft  can  be  seen  in  Figure  57. 
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The  detector  consists  of  three  G^iger-Muller  counters  mounted  horizontally 
and  stacked  vertically  to  form  &  'telescope"  aimed  toward  the  zenith.  One  of 
the  counters  uses  an  aluminum  diaphragm  of  30  mi 13 ‘ grams /square  centimeter  of 
thickness,  and  a  second  has  a  bismuth  diaphragm  of  135  milligrams/square  centi¬ 
meter.  Efficiencies  of  the  tvo  counters  are  different  with  respect  to  photons 
of  energies  below  1  mev,  and  this  difference  can  be  used  to  approximate  the 
average  energy  of  photons  which  can  reach  the  detector  at  HICAT  altitudes. 
Discrimination  between  photons  and  charged  particles  is  made  by  coincidences 
with  the  telescope  which  is  uniquely  sensitive  to  charged  particles.  This  is 
achieved  through  the  vertical  stacking  such  that  a  particle  approaching  from 
the  zenith  must  pass  through  the  aluminum  and  bismuth  counters  in  order  to  be 
counted  by  the  telescope  counter. 

Each  of  the  counters  is  followed  by  an  emitter  follower  und  a  form  restorer 
or  pulse  shaping  network  to  provide  calibrated  pulses.  These  pulses  are  used 

to  drive  a  2  binary  counter  whose  final  stage  drives  an  emitter  "ollower  for 

data  output.  Between  two  identical  output  states  (l  or  0)  the  nun, ter  of 
particles  having  ionized  the  radiation  counter  is  1024.  If  the  data  pulse 
train  is  recorded  with  a  time  base,  the  value  of  the  computation  or  count  as 
a  function  of  time  can  be  determined  by  measuring  the  time  interval  between 
two  successive  states  of  the  binary  counter  output  stage.  This  is  illustrated 
in  the  following  sketch. 


"1"  State 
"0"  State 


1024 


-•—Radiation  — -*» 
Impulses 

Time 


For  the  telescope  circuit,  the  output  of  the  form  restorer  of  each  radiation 
counter  is  entered  into  a  selector  circuit  which  delivers  an  impulse  at  triple 
coincidence  (a  logic  AND  gate).  This  results  in  a  single  pulse  when  the  three 
radiation  counters  are  ionized  simultaneously.  The  selector  circuit  drives  u 

2  binary  counter  whose  output  is  identical  to  the  2"'"0  counters  except  that  its 
period  represents  64  radiation  counts  ruther  than  1024.  The  voltugc  level  of 
the  "0"  state  is  0  volts  and  the  level  of  the  "l"  state  is  +5-vdc.  The  three 
outputs  are  entered  directly  into  three  unalog  channels  of  the  PCM  system  und 
into  the  oscillograph. 
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RECORDERS 
Magnet  1  c  Tape 


The  airborne  magnetic  tape  recorder  is  an  Ampex,  Ire.,  Model  AR  2l6  equipped 
with  a  l6-track  digital  record  head  stack.  The  PCM  system  output  is  12  .linos 
(10  data  lines,  1  parity  character  line,  and  1  synchronizing  clock  pulse  line) 
of  NRZ-MARK  record  head  drive  currents  which  are  tailored  to  drive  the  Ampex 
heads  directly  without  further  buffering.  The  PCM  data  is  recorded,  then,  in  a 
12-bit  parallel  format. 

Three  Ampex  analog  direct  record  amplifiers  arc  available  for  recording  auxili¬ 
ary  information.  Two  of  these  are  used  to  record  IRIG  C  time  in  carrier- 
modulated  form  for  tape  search  and  control  purposes  during  ground  station 
processes.  Original  plans  to  recurd  pilot's  voice  annotation  on  the  third 
analog  channel  were  never  consummated  because  the  retrieval  of  Buch  informa¬ 
tion  proved  to  be  too  costly.  Three  heads  in  the  digital  Btaok  are  used  to 
record  the  analog  Bignals,  and  satisfactory  record  levels  are  achieved. 

Recorder  track  assignments  are  shown  below. 

Track  No.  Data 


1 

Bid*/ 

2° 

(LSB) 

2 

Bit 

r. 

3 

Bit 

.,2 

c 

U 

Bit 

23 

5 

Bit 

2U 

6 

Bit 

25 

7 

Bit 

26 

8 

Bit 

2^ 

9 

Bit 

28 

10 

Bit 

29 

(MSB) 

11 

Parity 

Bit 

12 

Clock  Bit 

13 

Not 

Used 

H> 

IRIG  C 

Coded  Time 

15 

Not 

Used 

16 

IRIQ  C 

Coded  Time 

The  recorder  hau  the  capac '  ;y  for  recording  data  for  a  continuous  period  of 
eight  hours  at  a  tape  Bpeed  of  1-7/9  ip:»  using  U600  feet  of  1.0  mil,  thin  oxide 
magnetic  tape.  Optimum  recording  parameters  for  HICAT  evolved  into  a  tape 
speed  routine  of  1-7/8  ips  and  a  PCM  scan  rate  of  2$  frames  per  second.  This 
results  in  a  bit  packing  density  on  the  tape  of  667  bits  per  inch. 
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Thin  machine  measures  27  x  12  x  h  mcnes  ana  weigns  65  pounds .  The  reooxdei 
analog  electronics  cabinet  measures  l6  x  8  x  1*  inches  and  weighs  9  pounds.  The 
installEtiMl  the  aircraft  can  he  seen  in  Figure  57. 

Oscillograph 

A  Lockheed-owned  1+8-channel  Midwestern  Model  591  oscillograph  is  included  in 
the  airborne  system  to  provide  quick-look  data  x'or  the  field  team  after  each 
flight.  These  quick-look  records  are  also  used  for  editing  purposes  prior  to 
ground  station  processing  of  the  magnetic  tapes  and  then  become  a  permanent 
part  of  the  HICAT  data  files.  A  portable  oscillogram  processor  which  is  Car¬ 
rie!.'  as  part  of  the  ground  support  equipment  enables  the  field  team  at  the 
test  site  to  develop  and  view  the  recoids  immediately  following  each  flight. 

Data  signals  to  the  oscillograph  are  provided  from  the  PCM  package  following 
presampling  filtering  ae  described  in  the  PCM  section  of  this  report.  The 
signals  are  isolated  and  conditioned  to  a  suitable  galvanometer  recording 
level  at  tho  oscillograph  integrated  control  system.  This  control  system  also 
has  provisions  for  interrupting  data  signal  flow  to  the  oscillograph  and  sub¬ 
stituting  a  precision  calibrate  voltage  in  each  channel.  The  calibrate  cycle 
is  initiated  by  a  cockpit  switch  and  sequencing  is  accomplished  automatically 
within  the  control  box.  All  data  channels  shown  in  Table  VIII  as  well  as 
IRIQ  C  time  and  pilot  event  signals  are  recorded  on  the  airborne  oscillograph. 
The  oscillograph  measures  15  x  18  x  40  inches  and  weighB  150  pounds.  Its 
installation  in  tho  aircraft  is  shown  in  Figure  92. 

VOH  Recorder 

A  NASA  VOH  recorder  is  carried  aboard  the  HICAT  test  aircraft  for  purposes  of 
obtaining  additional  time  history  records  of  the  aircraft's  airspeed,  altitude 
and  normal  acceleration .  Installation  in  the  aircraft  can  be  seen  in 
Figure  90. 

The  NASA  instrument  contains  two  pressure-sensitive  elements  for  measuring 
airspeed  and  altitude,  a  galvanometer  element  for  measuring  the  output  of  the 
remotely  located  acceleration  transmitter,  and  a  timing  mechanism.  Each  element 
causes  rotation  of  a  mirror  which  in  turn  moves  a  reflected  lamp  image  across 
the  recording  medium.  Recording  is  effected  on  a  200-foot  roll  of  T0-mm  photo¬ 
graphic  paper.  A  removable  recording  drum  advances  the  paper  at  a  rate  of 
approximately  20  feet  per  hour  with  a  resulting  recording  time  of  approximately 
10  hours . 

POWER  SUPPLY 

A  Bendix  3-phase  rotary  inverter  provides  the  400-Hi  power  required  to  operate 
the  LN-3  system.  This  inverter  also  provides  heuter  power  to  the  Ros^mount 
altitude  system  and  power  to  operate  the  PCM  checkout  unit  during  preflight 
operations.  The  oscillograph  and  PCM  systems  operate  directly  from  the  +23- vac 
ship's  power.  The  inverter  installation  in  the  aircraft  is  shown  in 
Figure  93. 
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TABLE  VIII.  TYPICAL  PCI'.  ANALOG  CHANNEL  USAGE 


PCM  CHANNEL 

MEASUREMENT 

11 

Zero  volts 

12 

Four  volts 

I'd 

a-vane  force 

lit 

(3-vane  force 

15 

Indicated  airspeed 

16 

Vertical  acceleration  (LN-3) 

27 

Gust  prob.'  normal  acceleration 

18 

Gust  probe  lateral  acceleration 

19 

Vernier  altitude 

20 

Total  temperature 

21 

"Aluminum’1  Radiation  count 

22 

Holi  rate 

23 

Yaw  re.te 

24 

CG  normal  acceleration 

25 

CG  lateral  acceleration 

26 

CG  longitudinal  acceleration 

27 

Elevator  position 

28 

Left  aileron  position 

29 

Rudder  position 

30 

Coarse  altitude 

31 

"Bismuth"  Radiation  count 

32 

Left  wing  nodal  acceleration 

33 

Right  wing  nodal  acceleration 

35 

Pitch  angle  (LN-3) 

36 

Roll  angle  (LN-3) 

37 

Heading  sine  (LN-3) 

38 

Heading  cosine  (LN-3) 

39 

X-velocity  (LN-3) 

Uo 

Y- velocity  (LN-3) 

ill 

Telescope  Radiation  count 

Y-distance  (LN-3) 

It  3 

Pitch  rate 

Hit 

Fine  altitude 

U5 

X-distance  (LN-3) 

.nor  variations  occurred  in  this  setup  durinrr  some  early  HICA'i’  tests. 
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FUNCTIONAL  DESCRIPTION  OF  GROUND  EQUIPMENT 
FIELD  TEST  EQUIPMENT 

The  basic  maintenance  and  checkout  equipment  for  the  PCM  system  is  a  field 
checkout  unit  which  was  designed  and  manufactured  as  a  part  of  the  ovorall  PCM 
system;  it  is  shown  in  Figure  9^.  The  unit  is  best  described  in  terms  of  its 
analog  simulation  and  digital  subsystems . 

Analog  Simulation  Subsystem 

The  analog  source  simulation  circuitry  provides  both  discrete  and  continuously 
variable  precision  voltages  which  can  be  applied  as  a  differential  input  to  any 
combination  of  analog  channels  simultaneously.  Front  panel  switches  select  0, 

1,  2,  3,  4,  or  5  volts,  internal  variable,  or  externally  applied  voltages.  Front 
panel  test  points  are  provided  for  monitoring  the  selected  calibrate  voltage, 
and  front  panel  Jacks  are  provided  for  inserting  external  voltages.  The  simu¬ 
lation  circuitry  also  provides  a  selectable  source  impedance,  balanced  or 
unbalanced,  which  consists  of  a  precision  rheostat  in  each  output  leg  of  the 
simulated  source.  Each  of  these  rheostats  can  be  varied  from  zero  to  10  kilohms 
in  10-ohm  steps,  and  each  is  controlled  from  the  front  panel.  Front  panel  Js'ks 
accommodate  external  Inputs  for  simulating  common  mode  voltages  and  overvolti-^es . 

Digital  Subsystem 


The  digital  timing  and  data  display  section  provides  for  testing  the  digital 
portion  of  the  PCM  system  for  correct  operation.  A  binary  light  display  is 
incorporated  for  visual  display  of  all  12  data  bits  in  any  of  the  50  words  in 
the  PCM  format,  with  word  selection  accomplished  by  front  panel  BWitcheB.  Input 
circuitry  to  thiB  display  is  driven  by  the  NRZ-MARK  waveforms  which  normally 
drive  the  tape  recorder  heads .  TeBt  points  are  mounted  on  the  front  panel  so 
that  an  oscilloscope  can  be  used  to  examine  each  word  in  the  format. 

InputB  into  the  digital  input  channels  can  be  simulated  by  use  of  ten  toggle 
BwitcheB  which  insert  either  a  logic  ONE  or  logic  ZERO  in  any  bit  position  of 
the  five  available  digital  words . 

All  dc  voltages,  both  regulated  and  unregulated,  used  in  the  PCM  system  can  be 
monitored  in  the  checkout  unit  by  means  of  a  voltmeter  and  selector  switch 
which  are  mounted  on  the  front  panel.  In  addition,  two  meter  terminals  are 
brought  out  on  teBt  points  so  that  these  voltages  can  be  measured  with  an  exter¬ 
nal  voltmeter. 

Front  panel  switches  provide  for  inserting  a  precision  voltage  into  the  A/D 
converter  for  calibration,  as  described  in  the  PCM  discussion.  Another  front 
panel  switch  exercises  the  analog  multiplexer,  with  test  points  for  observing 
the  PAM  pulse  train. 


Appendix  II 


Figure  PCM  Fiold  ChockoUt  Unit 

Other  front  panel  teat  points  provide  monitor  capability  for  the  following 
PCM  functions  and  checkout  aids: 

10-kilohertz  clock 

Scan  rate  clocks 

Analog  multiplexer  drive  lines 

Sample-and-hold  gate  trigger 

Binary  time  of  day  stop  (read)  trigger 

Frame  rate 

IJRIQ  C.  code  in  dc  level  shift  form 
1  pp3  wavetrain 

Checkout  unit  internal  voltages 
Sync,  pulse  for  external  oscilloscope. 
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OBclllogram  Processor.  A  Consolidated  Electrodynamics  Corporation  Type 
23-109B-PU  portable  oscillogram  processor  accompsinieB  the  field  team  as  part 
of  the  ground  support  equipment.  Thie  equipment  is  a  completely  self- 
contained  motorized  unit  which  develops  and  dries  oscillograms.  No  external 
water  circulating  system  is  required,  and  the  pfooessor  can  be  operated  in  a 
normally  illuminated  room  without  danger  of  fogging  the  moBt  sensitive  record¬ 
ing  papers . 

Qyro  Bias  Test  Set.  The  gyro  bias  test  set  allows  acourate  bias  adjustments 
on  the  LN-3  gyros  in  the  field  to  eliminate  drift.  It  has  controls  for  placing 
the  LN-3  system  in  the  open-loop  mode  and  recorders  for  analyzing  the  drift 
rates  of  the  three  gyros.  In  the  open-loop  mode  the  gyros  are  free  to  drift 
and  a  bias  torque  oan  b*i  applied  to  eliminate  the  drift.  The  test  set  indi¬ 
cates  the  amount  of  bias  to  be  used.  It  also  contains  a  test  point  panel 
where  system  performance  can  be  evaluated  by  use  of  voltmeters.  ThiB  instru¬ 
ment  is  Bhown  in  Figure  95. 

Miscellaneous  Test  Equipment.  A  Hilger  and  Watts  Clinometer  is  oarried  with 
the  field  team  for  use  in  calibration  and  checkout  of  instrumentation  accelerom¬ 
eters  and  gust  sensors.  A  John  Fluke  voltmeter  and  a  Hewlett-Packard  dual¬ 
trace  oscilloscope  are  alBo  included  in  the  ground  equipment  to  aid  in  calibra¬ 
tion  and  troubleshooting. 

PCM  GROUND  STATION 

The  complete  HICAT  data  processing  ground  station  with  all  ptripheral  equipment 
oonsiate  of  the  following  items i 

GEC  Model  VR-2600  input  magnetic  trvpe  reproducer 

Astrodata  Model  5220-100  IRIG  time  code  translator 

Astrodata  Model  522U— 100  taps  search  and  control  unit 

LEC  Model  PCD  101A  PCM  telemetry  decommutation  and  oomputer  tape  buffer- 
formatter  system 

CEC  Model  5-133  direct  print  oscillograph  recorder  (Lockheed-owned) 

IBM  Model  '(29  V  magnetic  tape  recorder  (Leased  from  IBM) 

The  airborne  data,  which  is  recorded  digitally  on  magnetic  tape  at  1-7/8  inches 
per  second  using  parallel  format  PCM  techniques,  is  reproduced  on  the  CEC  Model 
VR-2600  magnetic  tape  reproducer  at  30  inahes  per  seaond  and  input  to  the 
ground  station,  permitting  data  oonveislon  at  16  times  the  real-time  recording 
speed.  The  HICAT  digital  input  format  is  a  parallel  12-bit  format  with  a  10-bit 
data  word,  a  lateral  parity  bit  and  a  synchronizing  olook  bit.  Additionally, 
IRIG  C  time  code  is  recorded  on  two  of  the  remaining  four  tracks  using  analog 
techniques . 
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Figure  95.  Gyro  Biis  Test  Set  Used  With  LN-3  System 


Ihn  HICAT  recorded  frame  le.-gtV  is  50  words, 
synchronisation,  3  words  for  refi.rvnce  data, 
40  words  available  for  analog  data. 


including  2  Barker  Code  words  for 
3  words  for  time-of-day  code  and 


The  (system  will  accept  the  parallel  data  inputs  at  a  word  rate  of  36,000  words 
per  second  for  an  11-bit  word.  The  input  format,  including  the  input  coding, 
word  length,  frame  length  and  frame  synchronization  is  programmable  on  a 
removable  patch  board.  The  system  is  capable  of  handling  serial  or  P»r^lel 
data  in  NRZ-MARK  or  RZ  format.  The  word  length  iB  programmable  from  4  to 
16  bite.  Prime  frame  length  is  programmable  from  2  to  399  words.  The  *>8™ 
aync  word  is  programmable  from  4  to  32  bits  in  the  search  mode.  In  check  and 
lock  modes,  the  frame  sync  is  programmable  as  one,  two,  or  three  consecutive 

words . 


The  VR-2600  tape  reproducer  ie  controlled  by  the  A&trodata  tape  search  and 
control  unit  and  the  time  code  translator.  By  means  or  thumbwheel  switches, 
the  start  and  stop  tiroes  from  the  IRIO  C  code  for  the  selected  data  to  be  pro¬ 
cessed  through  the  ground  station  may  be  manually  set  into  the  control 
Ths  data  to  be  processed  through  the  ground  station  is  visually  selected  from 
the  airbovne-reoorded  oscillograph  reoord.  IRIO  C  time  iB  recorded  on  the 
oscillograph  record  to  provide  the  start/stop  time  inputs  to  the  control  unit. 
The  IRIO  C  time  code  recorded  by  analog  techniques  on  a  separate  track  on  the^ 
tape  is  input  to  the  time  code  translator  where  it  is  translated  to  a  parallf... 
BCD  time  code  whioh  ie  input,  .to  the  tape  search  and  control  unit.  A  visual 
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minutes ,  and  seconds  for  monitoring  purposes .  When  the  search  mode  is  put  ir.to 
operation,  the  tape  time,  as  received  from  the  time  code  translator,  is  con¬ 
stantly  compared  with  the  run  start  time  set  in  by  the  thumbwheel  switch  on  the 
tape  search  and  control  unit.  When  equivalent  time  is  achieved  in  the  parallel 
comparator,  a  start  pulse  initiates  the  transfer  of  data  from  the  input  tape  to 
the  level  shifting  amplifiers  on  the  ground  station.  Data  is  read  into  the 
ground  station  until  the  time  comparison  logic  detects  equivalence  between  tape 
time  and  ran  end  time  as  manually  inserted  with  the  thumbwheel  switches.  A 
stop  pulse  is  then  generated  to  stop  the  transfer  of  data  from  the  input  tape. 


Parallel  data  from  the  input  tape  is  amplified  and  then  input  to  a  shift  regis¬ 
ter  whore  a  500  kHz  clock  shifts  the  parallel  data  bits  out  of  the  register  in 
ssrial  fashion. 


The  serial  word-bit  patterns,  both  sync  and  data,  are  clocked  into  the  decom¬ 
mutator.  The  frame  synchronization  pattern  preceding  the  data  words  is  com¬ 
pared  to  a  patched  sync  code.  The  input  ssrial  data  train  is  converted  to 
continuously  available  parallel  output  data.  These  data  wordB  are  gated  to 
the  decommutator  output  subsystems  by  the  decommutator  control  logic  which  la 
dependent  upon  the  patched  word,  sync,  and  frame  formats. 

Three  output  subsystems  provide  analog,  visual,  and  digital  outputs  simulta¬ 
neously:  The  digital -to-analog  conversion  subsystem,  the  decimal  display  output 
subsystem,  and  the  buffer  formatter  subsystem. 

Fourteen  storage  registers  and  fourteen  D/A  converters  simultaneously  provide 
lU  dc  analog  outputs  selected  from  any  of  the  digital  data  words  by  means  of 
thumbwheel  switches  on  the  control  unit.  The  analog  signals  are  input  to  a 
CKC  direct-write  oscillograph  recorder  for  immediate  and  simultaneous  analog 
display  of  up  to  ll*  data  channels  plus  IRl'Q  C  time.  This  analog  record  provides 
a  means  of  monitoring  playback  of  the  data,  for  analysis  and  editing,  and 
for  troubleshooting.  The  eight  most  significant  bits  from  the  decommutator 
output  (MSB)  bus  are  parallel-connected  to  each  of  the  lU  independent  D/A 
converters, 

The  decimal  display  provides  a  visual  digital  monitoring  of  any  two  channels 
simultaneously.  Two  four-decade  decimal  displays  are  provided  which  simulta¬ 
neously  convert  the  13  most  significant  bits  of  any  pair  of  words  from  binary  to 
decimal.  Display  modes  are  "Read  Continuous"  and  "Read  Hold".  "Read  Continuous " 
is  automatically  updated;  "Read  Hold"  may  be  manually  updated.  Channels  are 
selectable  by  means  of  thumbwheel  switches  on  the  control  unit. 


The  buffer- formatter  receives  vords  programmable  from  U  to  lU  bits  from  the 
decommutator  output  MSB  bus.  In  addition,  there  are  ZU  bits  input  to  the 
buffer-formatter  for  run  identification  information  whloh  are  inserted  manually 
by  means  of  thumbwheel  ewitchee  on  the  control  unit.  The  run  identification 
data  is  entered  before  the  first  data  character  in  each  record. 
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Hi*  aarm  mamorv  haa  a  aanacity  of  4096  •even-bit  characters.  Data  is  gated  into 
memory  in  six-bit  groups’ with' each  group  becoming  one  memory  character.  Each 
character  is  accompanied  by  a  parity  bit  (odd  parity)  during  entry  into  memory 
which  is  generated  at  the  input  data  gate  and  monitored  during  the  memory  reed- 
cycle  at  the  output  register.  Data  is  loaded  into  the  "input  aide"  of  memory 
until  the  number  of  six-bit  words  that  are  stored  is  equivalent  in  number  to 
the  seleated  record  length.  Record  lengths  of  up  to  2046  Bix-bit  characters 
may  be  selected  by  means  of  octal  switches  at  the  rear  of  the  control  panel. 

The  HIOAT  record  length  is  1446  characters. 

When  a  full  record  length  is  achieved  in  the  input  storage  register,  the  output 
storage  register  dumps  the  stored  record.  The  record  in  the  input  storage 
register  is  transferred  to  the  output  storage  register  and  new  data  is  loaded 
into  the  input  storage  register  to  complete  the  cycle.  Memory  cycle  time  is 
2.0  microseconds . 

Data  records  are  fed  to  the  IBM  729  V  tape  recorder  under  automatic  control 
of  the  buffer-formatter  control  logic .  Hie  control  logic  further  provides  a 
reaet-to-sero  for  deccmnutator  parity  errors  and  stops  further  formatter  opera¬ 
tion  if  an  error  is  detected  in  core  memory  operation.  Data  is  stored  on  seven- 
track  magnetic  tape  in  computer-compatible  format  at  a  recording  density  of  600 
bite  per  inch  per  track  at  a  tape  speed  of  75  ips .  The  format  consists  of 
parallel  six-bit  characters  with  lateral  and  longitudinal  parity,  a  3/4-inch 
inter-record  gap  and  an  ond-of-f ile  mark  and  gap .  Each  10-bit  PCM  data  word 
plus  two  dummy  bits  is  formatted  into  two  parallel,  six-bit  characters. 

The  ground  station  is  shown  in  block  form  in  Figure  96  and  photographically  in 
Figure  97.  Ground  station  Operation  and  Maintenance  manuals  are  liBted  as 
Reference  16. 

OPERATIONAL  PROCEDURES 

Documentation  of  field  operation  data  is  prepared  as  shown  in  Figure  96. 
Instrumentation  procedures  attendant  to  a  HICAT  flight  are  best  described  in 
terms  of  a  check  list,  as  noted  below: 

PREFLIGHT 

Tape  Recorder 


1. 

Clean  record  heads 

2. 

Load  with  unrecorded  tape 

3. 

Check  tape  speed  L0-HI  range  switch  1b  set  to 

L0  (1-7/8 

in.  per  sec 

4. 

Check  function  of  tape  recorder  using  cockpit 

controls . 

Recording 

lamp  will  flash  during  normal  operation. 
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Figure  97  •  PCM  Ground  Station 

Oscillograph  and  Calibrator 

1.  Load  magazine  and  install  on  recorder 

2.  Check  speed  selector  switch  set  to  position  1.  (0.162  in.  per  Bee). 

3.  Press  lamp  test  and  check  illumination  of  standby  lamps. 

1*.  Note  NO  RECORD  lamps  are  out  while  recorder  is  running  with  leuded 
magazine  fitted. 

5.  Check  recorder  operation  using  cockpit  control. 

6.  Check  operation  of  calibrator.  A  calibration  cycle  takes  60  seconds 
to  complete. 

PCM  and  Time  Code  Generator 

1.  Connect  PCM  test  set  and  carry  out  a  function  check  of  each  analog 
channel.  Remove  tester  after  checks  complete. 

2.  Eat  up  time  of  day  on  time  code  generator  and  PCM,  for  some  convenient 
time  ahead,  and  at  that  time  synchronize  with  the  cockpit  stopwatch. 
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ntANSDUOSft  DATA 
STANDARDS  OSKO 
RIUATVD  TrST  CONDITIONS 
CALIBRATION  DATA 


Figure  98.  Organization  of  Field  Operation  Data 
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3.  Set  teat  number  on  tine  code  generator  end  on  thumbwheel  switches  In 

cockpit. 

U-3  Inert lei  Platform 

i‘ 

J..  Set  up  the  alignment  coordlnatee  either  on  beee  or  off  base  as  required. 

2.  Bet  airareft  true  heeding  (magnetic  heading  ±  magnetic  variation)  on 
the  heading  dial. 

3.  '  Turn  on  the  system  in  the  following  order: 

a.  Selector  switch  to  STANDBY.  This  allowB  the  platform  and  computer 
to  heat  to  operating  temperature.  The  heating  period  ia  10-15  mlnuteB  from  a 
aold  start,  depending  on  ambient  temperature.  During  the  heating  period,  the 
heat  lamp  will  be  on  until  the  platform  reaches  its  operating  temperature. 

When  the  heat  lamp  goea  out  the  selector  switch  may  be  turned  to  ALIGN, 

b.  Selector  Switch  to  ALIQN.  ThiB  causes  the  platform  to  progress 
through  3  modes ,  coarse  align,  fine  align,  and  gyro  compassing.  As  soon  aB 
the  platform  goes  into  the  gyro  compaBB  mode,  the  mode  light  comes  on  steady; 
and  when  the  gyro  compass  cycle  ia  oomplete,  the  mode  light  blinks  and  the 
alignment  la  complete. 

c.  Selector  Switch  to  NAV.  As  soon  as  the  mode  light  beglnB  blinking, 
the  platform  is  ready  to  navigate  and  the  NAV  position  may  be  selected. 

h,  After  the  platform  has  aligned,  set  the  cockpit  X  and  Y  counters  to 
000.0  ahd  the  hatch  X  and  Y  counters  to  500.0. 

PRESTART  CHECK 

1.  Turn  on  tape  recorder.  Check  record  light  blinking. 

2.  Turn  on  oscillograph.  Check  record  light  on. 

3.  Check  PCM  switch  on  and  light  on. 
h.  Check  LN-3  selected  to  NAV. 

5.  PresB  calibrate  button.  Check  light  on  for  60  seconds. 

POSTFLIGHT 
Tape  Recorder 


1.  Rewind  tape  and  remove  recorded  tape  from  recorder. 

2.  Check  BWitcheB  off. 
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ubi;  allograph 


1.  Remove  magazine. 

2.  Check  switches  off. 

3.  Process  record. 

PCM  and  Time  Code  Generator . 

Check  PCM  switch  OFF, 

Note:  It  iB  important  that  this  switch  is  in  the  OFF  position 
when  there  is  no  external  power  connected  to  the 
aircraft.  Otherwise  the  time  code  generator  will  switch 
automat J  cally  to  its  internal  battery  which  will 
completely  discharge  In  30  minuteB . 

LN-3  Inertial  Platform 


1.  Check  selector  switch  to  OFF. 

2.  Note  terminal  error  on  hatch  X  and  Y  coordinates . 

CALIBRATION  PROCEDURE? 

Calibration  of  the  instrumentation  system  components  can  be  accomplished  in 
any  of  several  ways.  Routine  procedures  require  that  all  BensorB  be  cali¬ 
brated  in  the  laboratory  prior  to  installation  in  the  teBC,  aircraft.  This 
laboratory  calibration  provides  a  direct  measure  of  the  linearity,  sensitivity 
and  repeatability  of  the  sensing  system  and  can  be  accomplished  UBing  certified 
primary  laboratory  standards  which  are  directly  traceable  to  the  National  Bureau 
of  Standards.  The  response  o'f  the  PCM  system  and  the  complementary  oscillograph 
recording  Bystems  can  be  determined  analytically  with  the  sole  restriction  that 
proper  impedance  matching  take  place  between  the  een30r  and  the  remainder  of 
the  Bystem.  Once  the  instrumentation  system  with  its  sensors  is  installed  in 
the  aircraft,  however,  periodic  check  calibrations  are  required  to  maintain 
the  dota  precision  necessary  to  the  HICAT  project. 

A  calibration  performed  in  the  field  is  generally  a  direct  end-to-end  calibra¬ 
tion  of  the  sensor  and  all  other  elements  in  its  recoi*ding  channel.  It  is 
performed  by  subjecting  the  sensing  device  to  a  direct  physical  stimulus  while 
monitoring  the  output  of  the  recording  Bystem.  In  the  HICAT  field  operation, 
system  output  is  readily  monitored  on  the  field  checkout  unit.  Field  calibra¬ 
tions  are  thoroughly  documented  on  the  form  shown  in  Figure  99. 

PCM  SYSTEM 

In  general,  three  procedures  are  available  for  calibrating  the  PCM  system 
analog  channels  (with  the  exception  of  channels  1  and  E,  which  are  permanently 
patched  to  0  and  4  volts,  respectively,  for  purposes  of  performance  monitoring 
of  the  analog-to-digital  converter) . 
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LOCKHEED-CALIFORNIA  COMPANY 
HICAT  PROJECT  FIELD  OPERATION  DATA 

DATA  CHANNEL  CALIBRATION 

CHANNEL 

FIRST  USED  ON  TEST  IS/IS  NOT  APPLICABLE  TO  EARLIER  TESTS. 

TRANSDUCER  DATA:  (IF  NO  ENTRIES,  SEE  i.3.  .  .1.) 

VENDOR: 

MODEL  NO:  SERIAL  NO. 

INSTRUMENT  RANGE:  TO  IN 

IF  AUXILIARY  CIRCUITRY  USED,  SEE  3.2. 

CALIBRATION  DATE:  196  .  TIME:  START: 

REASON :  FINISH : 

CALIBRATION  STANDARDS  USED: 

RELATED  TEST  CONDiilONS ; 


It. 3.  .  .1 

PERFORMED  BY 


TAPE  IDENTIFICATION  IF  USED:  IRIG  C  TIME  IF  RECORDED: 

CONTAINER:  -  -  START: 

BASE  MARKING:  FINISH: 


CAL  STIMULUS 

IRIU  C 

PCM 

PCM 

EQUIV 

THEO 

PT  UNITS 

TIME 

LAMP 

DEC 

VOLT 

PEC 

NO. 

DAY  H  M  S 

OCTAL 

COUNT 

LEVEL 

COUNT 

03 

02 

03 

Oil 

03 


Figure  99*  Sample  Field  Culib ration  Data  Sheet 
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Procedure  I 

Procedure  I  involves  the  removal  ot  the  PCM  package  cover,  which  ia  not  a 
normally  recommended  field  procedure.  It  does,  however,  enable  the  adjustment 
of  the  individual  channel  modules  to  achieve  full  system  resolution  whilo 
accommodating  transducer  impedances  as  large  as  10,000  ohms 

1.  Determine  the  analog  channel  source  (sensor/aignal  conditioner) 
impedance. 

2.  Using  the  field  checkout  unit  (FCU) ,  simulate  the  channel  source 
impedance  by  inserting  one-half  the  Impedance  in  each  Input  line. 

3.  Vary  the  FCU  analog  source  voltage,  and  while  monitoring  the  channel 
output  on  the  binary  display,  adjust  the  particular  channel  input  buffer 
amplifier  module  gain  and  offset  potentiometers  for  zero  offset  at  0  volts  and 
full  scale  at  5  volts .  These  adjustments  are  accessible  with  the  package 
cover  removed. 

Note;  To  compensate  for  interaction,  it  may  be  necessary  to 
readjust  these  controls  several  times. 

U.  Connect  the  sensor  to  the  system,  apply  proper  known  stimulus,  and 
observe  the  channel  binary  output.  Make  any  necessary  gain  and  zero  adjust¬ 
ments  in  Bignal  conditioning  circuitry  for  final  zero  and  full  scale  output. 

5.  Hepeat  application  of  known  stimulus  values.  Observe  and  record  final 
channel  calibration  data. 

Procedure  II 

Procedure  II  is  recommended  for  use  when  Bensor  stimulus  1b  available  in  the 
desired  accuracy  tolerance  for  the  particular  measurement  to  be  recorded  and 
when  some  degradation  of  system  resolution  con  be  tolersted  in  the  case  of 
high  impedance  sources. 

1.  Connect  the  sensor  to  the  system,  apply  proper  known  stimulus,  and 
observe  the  channel  binary  output.  Make  any  necessary  gain  amd  zero  adjust¬ 
ments  in  signal  conditioning  circuitry  for  final  zero  and  full-Bcale  channel 
output . 


2.  rtepeat  application  of  known  stimulus  values.  Observe  and  record  final 
■hannel  calibration  data. 

Procedure  III 

Procedure  III  is  recommended  for  use  when  a  sensor  and  associated  laboratory 
calibration  are  used  without  an  end-to-end  system  calibration.  Examples  are 
accelerometers,  certain  hi f;h-ac curacy  pressure  sensors,  and  rate  gyros.  This 
procedure  is  often  necesarry  to  avoid  transporting  laboratory  standards  and 
other  high-accuracy  stimulus  monitoring  equipment  tc  remote  field  locations. 
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1.  Determine  th'j  analog  channel  source  (sensor/signal  conditioner) 
impedance  from  lab  calibration  data  sheet . 

2.  UBing  the  FCU,  simulate  the  channel  Bource  impedance  by  inserting  one- 
half  the  impedance  in  each  input  line. 

3.  Connect  an  accurate  voltmeter,  such  as  a  Fluke,  to  the  FCU  analog  Bource 
monitor.  Vary  the  voltage  applied  through  the  simulated  source  impedance  over 
the  range  shown  on  the  lab  calibration  while  monitoring  the  channel  binary 

output . 

4.  Record  the  binary  output  for  the  values  of  sensor  open  circuit  voltage 
applied  through  the  simulated  source  impedance  for  the  final  channel  calibra¬ 
tion  data. 

Calibrations  are  performed  periodically,  when  a  sensor  or  other  channel  moduJe 
ia  changed,  or  when  test  data  looks  questionable.  Apart  from  sensor  integrity, 
which  can  be  determined  with  the  sensor  removed  from  the  rest  of  the  system, 
other  system  parameters  (such  as  offset,  gain,  .linearity,  cross  talic,  cver- 
voitage  protection,  common  mode  voltage  rejection,  A/u  conver-er,  and  . i-Le. 
performance)  can  be  evaluated  with  the  FCU.  Detailed  procedures  for  obtaining 
this  data  are  provided  in  the  PCM  system  Operation  and  Maintenance  Manuals  and 
in  the  Bystem  Acceptance  Test  Procedure.  These  documents  are  shown  as  Refer¬ 
ences  IT  and  18  to  this  report. 

LK- 3/PCM  SYSTEM 

The  LN-3  system  is  calibrated  in  conjunction  with  the  PCM  by  performing  opera¬ 
tions  as  outlined  below: 

Vertical  Acceleration 

1.  Align  LN-3  system  to  local  coordinates. 

2.  Using  a  Kearfott  precision  angle  indicator  (PAI),  determine  pitch  ana 
roll  angles  of  the  inertial  platform. 

3.  Place  LN-3  in  NAV  mode. 

4.  Torque  azimuth  gimbal  to  180  degrees. 

5.  Torque  pitch  and  roll  gimbals  to  angles  determined  Ln  step  2. 

6.  Read  PCM  output  (count)  on  vertical  acceleration  channel.  This  is  a 
+1.00000g  condition. 

7.  Torque  the  roll  gimbal  in  10  degree  Bteps ,  maintaining  a  constant  pitch 
angle,  and  read  the  PCM  count  at  each  step.  Acceleration  in  g  is  the  cosine  of 
the  roll  angi  “■ . 
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Pitch  Angle 

1.  Align  LN-3  to  local  coordinates  and  then  ew.tah  to  NAV. 

2.  Torque  azimuth  gimbal  to  160  degrees  as  measured  on  PAI. 

3.  Torque  the  pitch  gimbal  to  0  degrees  as  measured  on  PAI  and  read  PCM 
count.  This  is  a  level  flight  condition. 

L.  Torque  the  pitch  gimbal  in  3  degree  steps  to  both  count  limits  of  the 
PCM,  reading  the  count  at  eaah  step. 

Roll  Angle 

1.  Align  LN-3  to  Joaal  coordinates  and  then  switch  to  NAV. 

2.  Torque  azimuth  gimbal  to  180  degreeB  as  measured  jn  PAI. 

3.  Torque  the  roll  gimbal  to  0  degrees  as  measured  on  PAI  and  read  the  PCM 
count.  This  is  a  zero-degree  roll  angle. 

b.  Torque  the  roll  gimbal  in  3  degree  steps  to  both  count  limits  of  the 
PCM,  reading  the  uau.it  at  each  step. 

Heading  Angle  (Sine  and  Cosine) 

1.  Align  LN-3  to  local  coordinates  and  then  switch  to  NAV. 

2.  Torque  azimuth  gimbal  uo  100  degrees,  as  measured  on  PAI. 

3.  Open  Schuler  loop. 

b.  Head  PCM  aount  for  both  sine  and  cosine  channels  (PAI  reading  is 
displaced  100  degrees  from  actual  heading) . 

5 .  Torque  the  azimuth  gimbal  in  10  degree  increments  and  read  PCM  count 
for  heading  sine  and  cosine  channels  at  each  step. 

X  Velocity 

Simulated  velouixy  voltages  are  obtained  from  the  LN-3  computer  by  slewing  the 
inertial  platform  off  level.  Thus,  an  acceleration  results  and  the  computer 
will  produce  an  increasing  velocity.  To  stop  or  slow  the  rate  at  which  the 
velocity  voltage  is  changing,  the  platform  must  be  releveled. 

1.  Align  LN-3  to  local  coordinates  and  then  switch  to  NAV. 

2.  Torque  azimuth  gimbal  to  100  degrees  as  measured  on  PAI. 

3.  With  the  PAI,  measure  the  platform  pitch  and  roll  angles  so  the  platform 
can  be  slewed  bach  to  level  if  desired. 


205 


Appendix  XI 


4.  Slaw  platform  of  1  level  in  roll  about  four  degress.  Using  a  precision 
voltmeter,  observe  the  voltage  at  appropriate  teat  point;  aa  the  voltage 
approaches  the  deeired  values ,  Blew  the  platform  back  to  level.  Read  the  PCM 
count  for  each  voltage  level  selected  aa  a  calibration  point.  Scale  factor  is 
200  ft/aeo  ■  1.333  volte.  Velocity  in  the  opposite  direction  is  obtained  by 
alewing  the  platform  in  the  opponite  direction,  and  voltage  polarity  at  the 
tent  point  will  be  negative. 

Y  Velocity 

Y  Velooity  calibration  1b  performed  in  the  Bame  manner  aB  X  velocity  except 
that  the  platform  1b  slewed  in  pitch  rc.ther  than  in  roll. 

X  Distance 

1.  Set  the  X  counter  on  the  instrumentation  interface  unit  to  500  and 
read  the  PCM  count.  This  represents  zero  miles  on  the  instrumentation. 

2.  Increase  the  X  distance  from  500  in  steps  of  100  miles  and  read  the 

PCM  count  at  each  point. 

3.  Decrease  the  X  distance  from  500  in  steps  of  100  miles  and  read  the 
PCM  count  at  eaah  point, 

Y  Distance 

Y  distance  is  calibrated  in  the  some  manner  aB  X  distance  except  that  the  Y 
counter  ie  incremented  rather  than  the  X  counter. 

Further  details  on  LN-3  Bystem  calibration  may  be  found  in  Reference  19. 
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APPENDIX  III 
DATA  PROCESSING 


COMPUTING  METHODS 
NUMERICAL  FILTERING 

Numerical  filters  were  applied,  to  basic  measurements  to  remove  frequency 
components  outside  the  range  of  interest.  The  filtering  process  consisted  of 
applying  selected  sets  of  numerical  filtering  weights  designed  to  paeB  only 
the  useful  frequency  response  range  of  each  measurement.  Four  low-paBS  filterB 
of  the  type  developed  by  Martin  and  Graham  were  considered  adequate  (Ref.  20 
and  21). 

Ideally,  the  Martin-Graham  filter  will  (l)  paBB  unaffected  all  frequency  com¬ 
ponents  up  to  a  certain  cutoff  value  fc,  (2)  progressively  attenuate  frequen¬ 
cies  from  fc  down  to  zero  gain  at  a  termination  frequency  and  (3)  reject 
all  frequencies  greater  than  ft.  The  definition  of  this  filter -is  given  in 
the  frequency  domain  by  the  transfer  function  H(f ) . 


The  time  domain  weighting  function  h(t)  i.a  obtained 
Fourier  transformation  of  H(f). 


h(t) 


0 

/ 


H(f) 


2irift 


df 


by 


performing  an  inverse 


sin  2irf,t  +  sin  2trf  t 

. .  —  ■  ■  1-  ■■  C  m 

2wt[l  -  U(f  -  fc)2  t2J 


207 


Appendix  III 


A  tins  function  x(t) 
such  that 


then  filtered  by  applying  the  weighting  luiiction 


x(t) 


j  h(r)  x(t  +  t  ) 


“CO 


dr 


where  x(t)  is  the  filtered  output  function. 

However  for  the  finite  time  case  of  discrete  equispaced  data,  numerical  approx 
mations  must  be  introduced.  The  technique  here  is  to  evaluate  the  weighting 
function  at  the  data  sampling  interval  At  for  the  (2N  +  l)  weights  desired, 
thus 


and 


h(n  At) 


n  =  ±1,  ±2,  ...  ±N 


f  +  f . 
c  t 


by  L'Hoapital's  rule. 

The  numerical  filtering  weights  wn  are  determined  by 


hnAt 


n  ■=  0,  ±1,  .  . .  ±N 


p=-N 


h  At 
P 


where  the  summation  term  effectively  normalizes  the  weights  to  force  the 
transfer  function  to  unity  gain  at  f  =  0. 


The  numerical  filtering  operation  is  then  given  by 
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To  evaluate  the  effectiveness  of  the  numerical  approximations  on  the  tranafer 
funcwJon  of  the  original  filter  design,  the  transfer  function  of  the  filtering 
weights,  K  (f),  is  computed  by  the  cosine  series  transformation 

N 

H*(f)  «*  cos  2trfnAt 

n-=  -N 


Figure  100  graphically  presents  H  (f)  for  the  four  low-pass  filters  designed 
for  this  program.  Table  IX  shows  which  filter  was  applied  to  each  bnic 
measurement . 


Figure  100. 


Numerical  Filtering  Transfer  Functions 


TABLE  IX.  LOW- 


NUMERICAL  INTEGRATION 

Simp non' a  one-third  rule  wai 
measurements  and  accelerate 


33  NUMERICAL  FILTERING  CUTOFF  FREQUENCIES 
OF  BASIC  MEASUREMENTS 


Basic 

Measurement 

Cutoff 
Freq,  cps 

Alpha -vane  force 

Beta-vane  force 

5 

Indicated  airspeed 

5 

Platform  vertical  acc 

3 

Gust  probe  normal  acc 

5 

Gust  probe  lateral  acc 

5 

Vernier  altitude 

3 

Total  temperature 

5 

Pitch  rate 

3 

Roll  rate 

3 

Yaw  rate 

3 

CG  normal  acc 

3 

CG  lateral  acc 

2 

CG  longitudinal  acc 

2 

Coarse  altitude 

1 

Fine  altitude 

9 

Left  wing  nodal  acc 

5 

Right  wing  nodal  acc 

5 

Pitch  angle 

'i 

t— 

Roll  angle 

n 

Heading  sine 

i 

Heading  cosine 

l 

Grid  X  velocity 

i 

Grid  Y  velocity 

l 

used  l’or  numerically  Integrating  rate  gyro 
i  terms  required  I’ or  guot  velocity  computati 
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Simpson's  integration  of  a  time  function  x(t)  sampled  with  frequency  f  ■  1/ At 
is  given  by 


L 


t  +2  At 
n 


x(t)  dt 


At 

3 


x(tn) 


+  4x(t  +  At)  +  x(t  +  2At)| 


Simpson's  rule  was  selected  for  both  its  ideal  phase  and  excellent  amplitude 
characteristics.  To  illustrate  this,  a  comparison  is  made  with  the  trapezoidal 
rule.  Since  both  rules  have  ideal  phase,  a  oomplete  cbmparison  is  afforded. by 
the  amplitude  ratio  of  their  transfer  functions  to  that  of  the  ideal  integrator. 
The  ratios  are 

Wa^  2 rrf  At  /g  +  cos  2irf  A  t  X 
W  (fj  “  3  \  sin  2irf  At  } 

for  Simpson's  one-third  rule,  and 

wT(f) 

y  7  j-y  «  Trf  At(cot  tr  f  A  t) 


for  the  trapezoidal  rule. 

The  superiority  of  Simpson's  rale  1b  shown  in  Figure  101  where  the  amplitude 
ratios  were  evaluated  at  the  basic  data  sampling  interval  of  0.04  seconds. 

The  maximum  error  1b  expected  at  the  numerical  filtering  cutoff  frequency  of 
5  cpa.  At  this  frequency,  Figure  101  shovB  an  error  of  1.7  percent  for 
Simpson's  one-third  rule  and  -13.5  percent  for  the  trapezoidal  rule. 

AERODYNAMIC  CALCU1ATI0N8 

Position  error  corrections  and  aerodynamic  variables  are  determined  in  the  gust 
velocity  program  prior  to  computation  of  the  gust  velocity  components.  The 
following  calculations  require  Hpn  selected  from  either  coarse,  fine,  or  vernier 
altitude  transducer,  Vj_n  from  the  pitot  static  tube  and  t^  from  the  total 
temperature  probe 

(a)  Static  Pressure 

if  H  s  36089  ft. 
pn 

,  ,  •  „  -6  45.256l 

P  -  2116.22(1  -  6.87535  •  10  H  ) 
s  pn 
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Figure  101.  Amplitude  Ratio  Comparison  of  Simpson's 
One-Third  Rule  and  Trapezoidal  Integrations 


if  H  >  J6089  ft. 
pn 


P  «  472.675  e 

s 


4.80634  •  10_5(Hpn  -  36089) 


(b)  Differential  pressure 


p  .3. 

a  -  2116.22  |(1  +  7.72821  •  10'7  vf  ) 

~c  I  m 


(c)  Indicated  Mach  No, 


M. 


-  ■] 


(d)  The  Mach  number  static  position  err  jr  correction,  5M,  is  determined  from 
the  versus  6M  relationship. 


2 


Appendix  III 


(e)  True  Msich  No* 

Hj,  -  M1  +  6M 

(f)  The  altitude  static  position  error  c'.  rection,  6Hp,  la  determined  from 
the  Mi  versus  6Hp  relationship. 

(g)  Corrected  pressure  altitude 


H 


pc 


pn 


+  5H 

P 


(h)  Ambient  temperature 


t 

a 


(i)  True  airspeed 


VT  -  65.769MJ  >/ V  +  .>73.16 


t,  +  273-16 

-  273.16 

1  +  0 . 2Vv 


(j)  Ambient  pressure 

11  H  <  36009  ft. 

pc  ■ 

P  «  2116.22(1  -  6.87538  ‘  10“6  Hpc)5‘2!>61 

if  H  >  36089  ft. 

pc 

-4.80634  •  10-5(H  -  36O89) 

Pa  .  47  678  e  PC 

(k)  Air  density  ratio 


681.14  Pa 
°  "  tH  +  273.16 

a, 
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(l)  Equivalent  airspeed 


V 


e 


vT<r 


1/2 


(m)  Air  density 


1.619 

P  "  ta  273.1b 


OUST  VELOCITY 

The  three  incremental  gust  velocity  components  (i.e.,  vertical  A.'Iy,  jateral 
AUL  and  longitudinal  AUj?)  were  computed  aa  follows! 

AUV  -  (vta»)  +  (VTAp)  A  4>  -  vtao 

+  J A  ay  ^  *  L^AB 

AUl  -  (V^.Ap)  -  (VtAw)  *♦  +  VtA i(i 

-  AVv  oos  A  +  AVv,  sin  X  +  L  Ai|i 
X*  ix 

A  Up  a  AVt  -  AVX,  Bin  A  -  AVy,  cos  A 


where 


vT^ 


AE  +  mAaK 

Mtt _ 

CN»"pVTSv 


VT  AP 


Al1'  i  mda. 
NMP  ^ 
%  P  V'T  3v 


As  indicated  by  these  equations,  the  incremental  velocity  components  of  the 
aircraft  relative  to  the  ground  are  normally  computed  from  inertial  platform 
measurements  provided  for  this  purpose.  However,  alternate  methods  have  been 
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programmed  for  detertnin  i?ig  the  AUpq  L,  vector  components  baaed  on  eg  or  gust 
probe  acceleration  meamrements  correated  for  alraraft  attitude. 


AUy  -  (VtAo)  +  (vtap)  A4>-vTAe 


AUT  - 

h 


auf  - 


+  J  -  ^*jA+)  dt  +  L^A'6 
(VTAp)  -  (VTAtt)  A*  +  VTAiJi 

+  j  (Aa^  +  A  a^^  A  <t> )  dt  +  A  i|j 

AVt  -  J  (Ah,,  -  AayAB) 


dt 


Incremental  angle  it  of  pitoh  and  roll  were  computed  from  platform  attitude 
measurements  corrected  for  fuselage  bending  by 

A0  -  A0m  +  kbAaH 
A4*  »  +  khAaL 


or  from  Integration  of  the  rate  gyro  measurements 


Incremental  yaw  angles  were  obtained  from  platform  fciruo  heading  measurements 

A  i|<  -  A  A 

or  from  integration  of  the  yaw  rate  gyro. 


A  +  ■ 


I 


A  ^  dt 
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After  Simpson's  one-third  rule  was  employed  for  evaluating  the  integral  terms, 
the  gust  velocities  were  computed  at  12.5  samples  per  second  (sps),  half  the 
basic  sampling  data  frequency.  Since  low-pass  numerical  filters  effectively 
terminated  all  frequency  components  beyond  6  epa,  no  aliasing  of  any  signifi¬ 
cance  was  introduced  by  reducing  the  sampling  frequency.  This  significantly 
reduced  the  processing  effort  Involved  with  the  gust  velocities,  yet,  retained 
the  accuracy  associated  with  Simpson's  integration  at  25  sps. 

The  derived  equivalent  gust  velocity  was  computed  as  follows. 


Ude  - 

2  A  aw 

N 

Ct,  p  K  V  S 

La  o  g  e 

WIND  VELOCITY 

The  average  wind  velocity,  U^q,  was  determined  from  the  average  true  airspeed 
and  Inertial  platform  measurements.  The  wind  velocity  components  with  respect 

to  the  aircraft  are 

V 

*>  -V,  ,  Bin  A 

S- 

“  -VT  cos  A 

hence  with  respect  to  the  ground 

U._ 

AQX* 

-VT  sin  A  +  Vx, 

UAOy,  " 

-VT  cos  A  +  Vyl 

The  magnitude  and  direction,  q ,  of 
therefore  computed  by 

tlu*  average  wind 

velocity  vector  arc 

UAQ  '  \ 

/%*% 

I 


n  - 


tan 
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POWER  SPECTRA 

The  power  speatrum  of  a  stationary  random  function  x(t)  is  defined  by 


•  (f) 


cob  2irf  t  dr 


where  R(t),  the  autocorrelation  function,  is  given  by 


T/2 

R(t)  -  t  J  *(t)  x(t  +  t)  dt 

To  estimate  the  spectrum  for  discrete  equiupaced  data,  the  Tukey  method  was 
employed  (Ref.  22  and  23).  The  numerical  approximations  involved  in 
this  method  for  a  discrete  function  xq  of  (n+l)  evenly  spaaed  samples  from 
0  to  nAt  seconds  are  presented  in  the  following  steps. 

Prewhitening  -  To  minimize  the  possible  distortion  from  the  relatively  high 
power  anticipated  at  the  low  frequencies,  a  prewhitening  filter  is  applied  to 
the  data.  This  high-pass  filter  in  defined  by  the  transformation 


q  ■  1,2,  ■  •  •  n 


Autocurrelating  -  The  autocorrelation  function  of  the  prewhitened  data  is 
computed  for  (m+l)  time  lagB  from  0  to  mAt. 


n-j) 

K  “  n"hp  I  M'l+P  P  “  °*  X>  m 

q=l 

Estimating  the  Raw  Power  -  Tim  raw  estimates  of  power  are  computed  by  numeri¬ 
cally  evaluating  the  cosine  series  transform  of  the  autocorrelation  function 


A 

L, 


t  A  t 


m 

2 

p  »Q 
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a  H 
P  P 


oou 


2  IT 


h  »  . . . 


,  **-» :  i' — ■ :  _,v  i  i ; 
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where 


ap  "  1 


0  <  p  <  m 


Smoothing'  the  Raw  Hatlmates  -  The  raw  estimates  are  refined  by  a  smoothing 
tiohnidue  called  banning. 

•h  -  &.25^1-1  +  O.SLn  +  0.25LW>1  h  «  1,  2,  ...  m-1 

A  A  A 

-  0.5L  .  +  0.5L 

m  m-.L  m 

Poatdartonlm  -  The  final  power  spectral  estimates  are  obtained  after  the 
amoothad  eatimatea  are  compensated  for  the  effect  of  the  prewhitenihg  trans¬ 
formation  performed  in  the  first  step,  thUB 


2-2  cos 


h  a  1,  2,  ...  m 


where 


®h  “  *  ^h  “  SmAtj 

and  represent  the  power  average  over  the  frequency  band  in  cycles  per  second 
defined  by 

_JL_  ♦  _i_ 

2m  At  ndt 

In  analyzing  turbulence  data,  it  is  dt'Birable  to  interpret  their  power  spectra 
as  a  function  of  lnverco  wavelength  in  cycles  per  foot.  The  uvoruge  true  air¬ 
speed  in  lost  per  second  is  used  for  converting  the  spectral  estimates. 

•  (f.  ) 

®(1/V  -  -y^- 

VT 
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The  number  of  spectral  estimates  m  is  normally  selected  so  that  the  data  will 
stay  within  certain  confidence  limits.  The  degrees  of  freedom  k  of  a  run  of 
n  samples  is  a  measure  of  the  stability  of  the  spectral  estimates  and  Is 
given  by 


Standard  rms  deviations  are  determined  by  numerically  integrating  the  spectral 
estimates  for  standard  wavelengths,  thus 


<r 


s 


1/2 


•  (I/O  d(l/\) 


where  k 2  is  the  wavelength  corresponding  to  the  5  cps  numerical  filtering 
cutoff  frequency  and  is  a  standard  wavelength.  SnB  deviations  are' 
computed  for  wavelengths  of  1000,  2000,  4000,  10,000,  20,000  and  40,000  feet. 

STATISTICAL  COUNTING  METHODS 

Two  statistical  counting  methods  were  employed  to  define  the  distribution 
characteristics  of  selected  acceleration  and  velocity  data.  In  both  methodB, 
the  characteristic  points  are  counted  and  classified  into  preestablished  posi¬ 
tive  and  negative  intervals  constructed  about  the  mean.  The  two  methods  have 
different  criteria  for  determining  a  count. 

In  the  peak  count  method,  the  characteristic  points  (peaks)  are  defined  as 
the  maximum  or  minimum  value  between  successive  crossings  of  a  narrow  band 
about  the  mean.  The  purpose  of  the  narrow  band,  called  the  threshold,  Is  to 
eliminate  the  counting  of  peaks  resulting  from  insignificant  fluctuations  in 
the  data.  Figure  102  shows  how  peaks  are  determined,  classified,  and 
counted.  Note  that  the  threshold  in  the  example  has  been  expanded  for  pur¬ 
poses  of  clarity;  it  is  normally  plus  and  minus  10  percent  of  the  counting 
interval. 

In  the  level-crossing  count  method,  a  count  is  made  each  time  the  trace  of  the 
discrete  data  intersects  an  interval  level  with  a  positive  slope  in  the  region 
above  the  mean  and  with  a  negative  slope  in  the  region  below  the  mean.  An 
example  of  the  level-crossing  count  method  is  shown  in  Figure  103. 

After  a  data  run  has  been  processed  by  one  of  the  counting  methods,  the 
following  statistical  parameters  are  determined. 

Frequency  of'  Occurrence  -  In  the  peak  count  method  the  counts  are  summed  within 
corresponding  positive  and  negative  intervals.  The  accumulated  counts  for 
interval  levels  y^  and  y_^  are  indicated  by  g(y^),  the  frequency  of  occurrence. 
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Frequency  of  Exceedance  -  For  peak  counts,  the  frequency  of  exceedance,  Q(yi), 
is  determined  for  each  level.  If  N  is  the  index  of  the  maximum  level  for 
which  a  count  was  deteatea,  then 


Jf 

a(y0) 

“  2  B(yi} 

i«0 

otyp 

-  o(yi_1)  -  g(yi) 

i  “  1,  2,  . 

..  N 

For  the  level  arousing  aount  method,  the  frequency  of  occurrence  1b  the 
frequency  of  exceedance,  hence 


G^)  5  g(yi) 

Exceedance  per  Mile  “  If  the  frequency  of  exceedance  1b  divided  by  the  number 
of  miles  in  a  data  run,  the  distribution  becomes  an  estimate  of  the  frequency 
of  exceeding  a  given  velocity  oi  acceleration  level  per  mile  of  flight.  The 
exceedance  per  mile  was  computed  by 


o(y<) 

tm - 


where  is  tile  elapsed  time  of  the  data  run  In  seconds, 

Probability  Distribution  Function  -  The  probability  distribution  function 
indicated  by  F(yi) ,  represents  the  probability  of  exceeding  a  given  level, 
For  level  y^, 


r<»,> 
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The  IIICAT  basic  data  program  in  the  flrnt  of  five  digital  computer  progrumu 
designed  to  reduce  and  display  pulue  code  modulated  (lTJM;  data  previously 
processed  to  a  computer  compatible  format  in  the  HIOA'f  ground  ii  bat  ion , 
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The  purposs  of  the  program  in  its,  normal  production  mods  ,1s  to  read  the  ground 
station  tape  on  LoaRheed-Gaiifornia  company's  IBM  system/3bo  computer  inntaiia- 
tlon  and  perform  the  following  sequential  operational 

e  Unpack  the  alrborne-recorded  data 
a  Monitor  frames  for  constant  time  interval 

•  Calibrate  to  engineering  unite 

e  Detect  and  correct  sporadic  data  errors 

•  Apply  sets  of  numerical  filtering  weights 
a  dompute  means  and  standard  deviations 

•  Record  the  results  on  tape  and  list  in  tabular  form. 

The  following  programs  in  the  HIOAT  series  sre  designed  to  accept  the  tape 
generated  in  this  program  as  their  input  data  source l 

•  HIOAT  gust  velocity  program 

•  HICAT  power  spectral  analysis  program 

•  HIOAT  statistical  analysis  program 

•  HIdAT  plotting  program 

Input  Requirements 

The  primary  input  to  the  program  is  a  ground  station  tspo  containing  edited 
runs  of  flight-recorded  data.  A  complete  description  of  the  format  structure 
of  thin  tape  is  given  in  Figure  10^.  Ekich  timo  stop  or  framo  contains 
5  digital  channels  of  switching  information,  3  time  channels,  and  *»0  analog 
ahannels  reserved  for  basio  measurements.  The  packed  data  of  llj  frames  are 
assembled  in  logical  records  and  the  records  are  grouped  by  files.  Mach  file 
contains  the  data  for  one  edited  run. 

The  following  additional  information  is  input  to  the  program  to  control  the 
reading,  processing  and  reduction  of  the  tape  data. 

•  Test  parameters  identifying  the  test  and  defining  bent  condition!) 
including  the  status  of  the  data  acquisition  system 

•  Analog  channel  assignment.!  defining  the  configuration  of  the  bnnle 
measurements  in  tin.'  analog  channels. 

•  Calibration  data  defining  the  method  of  calibrating  each  meunuretnent, 

•  Hun  parameters  providing  the  identification!!  and  conditions  required 
J'or  initiating  the  reduction  of  a  data  run, 

•  Status  codes  defining  the  logical  path  each  measurement  will  follow 
through  the  error  search  and  numerical  filtering  functions  of  the 
program 
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Figure  104A.  Ground  Station  Tape  Format  -  Part  1 
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Figure  104b.  Ground  Station  Ta.pe  Format  -  Part  2 
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-  Mformatilng 

After  the  ground  station  tape  data  has  been  read  into  a  temporary  buffer)  an 
unpacking  routine  is  employed  to  disaMrcuibie  and  translate  the  data  channels 
into  werklflf  data  tables  as  shown  in  Figure  lojj.  Then,  the  three  time 
OhannelB  are  merged  to  eondtruot  the  time  of  day  in  milliseconds.  Next,  the 
switching  information  in  the  five  digital  channels  is  isolated  and  then  com¬ 
bined  in  the  proper  sequence  to  form  one  word  of  binary  switching  information 
and  one  word  of  BCD  switching  information.  Finally,  analog  channels  contain¬ 
ing  measurement  data  are  directed  to  their  assigned  position  in  the  table. 

Bdltiftg 

Although  the  data  runs  are  formed  as  a  result  of  editing  information  obtained 
from  the  airborne -recorded  data,  additional  information  uncovered  after  the 
ground  station  tapeB  are  generated  may  warrant  further  editing.  For  this  pur¬ 
pose-  the  program  permits  a  start  time  and  stop  time  to  be  input  to  limit  the 
processing  of  data  to  frames  within  the  previously  selected  times,  This 
capability  also  enables  a  data  run  to  be. divided  into  several  smaller  runs, 

Eaah  of  these  may  then  be  processed  individually, 

Correcting  Time  Errors 

The  time  error  routine  ensures  a  constant  time  Interval  of  the  data  i'rameB 
consistent  with  the  sampling  frequency  of  the  data  acquisition  system,  The 
times  associated  with  contiguous  frames  are  interrogated  to  determine  if  the 
proper  time  interval  is  maintained.  Whenever  an  error  is  detected,  a  search 
is  effected  until  the  proper  sequence  is  established,  If  the  number  of  frames 
-■  in  the  disturbed  region  is  not  equal  to  the  number  of  time  steps  required  to 
maintain  the  correct  time  interval,  the  frames  are  sorted  into  sequence  in  the 
data  tables.  The  data  associated  with  disturbed  frames  are  then  labeled  for 
oorreotlve  action  in  the  sporadic  error  correcting  routine  which  follows.  A11 
error  criterion  may  be  input  which  limits  each  error  search  to  a  preestabllshed 
number  of  consecutive  frames.  If  no  solution  1b  deteated  within  the  prescribed 
limits,  further  processing  l.s  terminated  and  the  results  arc  summarised  and 
output  for  analysis. 

Calibrating 

Programming  options  are  available  for  defining  how  each  basic  measurement 
shall,  be  calibrated.  Figure  106  shows  the  pertinent  functions  of  thi  data 
acquisition  process  associated  with  the  analog  channel  calibrations  produced 
in  the  data  reduction  phase. 

As  shown  in  Figure  I06,  tho  conversion  of  the  raw  data  counts  Into  engineer¬ 
ing  units  requires  two  calibration  steps.  The  first  step  employs  the  calibra¬ 
tion  of  the  POM  system.  This  calibration  curve  is  entered  with  the  count 
reading  and  the  corresponding  voltage  reading  is  obtained  by  linear  Interpola¬ 
tion.  The  second  step  employs  the  Bensor  calibrations  to  convert  the  data  to 
engineering  units.  Options  are  available  for  utilizing  either  polynomial 
curve  fits  or  table  look-ups  for  those  eullhrutlonc. 
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Additional  options  are  available  for  bypassing  all  calibrations  if  raw  data 
counts  are  desired  or  limiting  the  conversion  process  to  Just  the  first  step 
if  only  volts  are  desired.  These  provisions  were  added  to  facilitate  the 
checkout  of  the  data  acquisition  system  and  to  permit  special  data  presentations. 

Correcting  Sporadic  Data  Errors 

Sporadic  data  errors  are  defined  as  wild  or  accidental  data  samples  out Bide 
the  range  normally  associated  with  systematic  or  random  errors.  Sporadic 
errors  are  detected  by  comparing  the  first  order  differences  of  the  data 
samples  with  preestablished  limits.  Limits  vjp^e  assigned  to  each  measurement 
based  on  the  data  sampling  interval.  The  detected  errors  are  corrected  by 
Interpolating  a  linear  fit  constructed  from  data  samples  immediately  preceding 
and  following  the  disturbed  area.  Gaps  in  the  table  resulting  from  the  inclu¬ 
sion  of  time  errors  are  similarly  corrected.  All  sporadic  data  errors  and 
their  corresponding  corrections  are  summarized  and  tabulated  in  separate 
listings  for  review. 

In  addition,  an  error  criteria  may  be  established  which  limits  the  quantity 
and  type  of  error  occurrences  and  restricts  the  processing  of  the  bad  test 
data. 

Numerical  Filtering 

The  requirements  for  low-pass  filtering  are  provided  through  the  application 
of  four  sets  of  numerical  filtering  weights  internally  defined  in  the  program. 

The  transfer  functions  of  the  filtering  weights  ■  are  shown  in  Figure  100. 

One  of  the  four  weight  sets  may  be  selected  for  each  basic  measurement  depend¬ 
ing  on  what  frequency  response  is  desired. 

The  numerical  weights  were  determined  by  the  method  developed  by  Martin  and 
Graham  (References  20  and  2l).  Application  of  the  numerical  filters  is 
given  by  the  operation 


N 

k.  =  >  w  x.  , 

i  Z  n  i+n 

n— N 

where  wn  are  the  (2N+l)  filtering  weights,  x^  are  the  input  data  samples  and 
are  the  corresponding  filtered  data  samples. 

Computing  Means  and  Standard  Deviations 


The  means  and  standard  deviation  are  computed  for  each  measurement  in  the 
basic  data  tables  and  printed  on  the  tabular  listings  at  the  end  of  each  run. 
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HXCAT  OUST  VELOCITY  IRO®AM 
gsnaral 

The  KCCAT  gust  velocity  program  way  designed  to  compute  aerodynamic  variables, 
gust  velocity  components,  and  the  derived  equivalent  gust  velocity  frqm  the 
measurements  reduced  in  the  ffiCAT  basin  data  program.  Programming  options 
are  available  for  computing  the  vertical,  lateral,  and  longitudinal  gust 
velocity  components  using  various  combinations  of  the  basic  measurements. 

The  oomputed  quantities  are  output  on  tape  for  use  in  the  MOAT  spectral 
analysis  program  and  the  KIOAT  statistical  analysis  program. 

Input  Requirements 

The  primary  input  to  the  gust  velooity  program  is  the  output  tape  from  the 
basic  data  program.  Figure  105  lists  the  various  measurements  stored  on 
tape.  Accompanying  the  input  tape  is  a  group  of  cards  specifying  operational 
and  computing  information.  The  information  appearing  on  the  card  input  is  as 
follows : 

•  Input  and  output  tape  identification 

•  Location  of  data  on  input  tape,  start  and  end  time  of  selected  data 
sample,  averages  of  airplane  response  data,  input  tape  samplihg  rate. 

•  Computation  control  codes,  integration  initialization  values,  output 
print  oanqpling  rate. 

•  Parameter  adjustments,  reference  and  general  functions. 

While  a  c complete  block  of  input  is  being  read  into  the  computer,  initialization 
is  performed.  Commands  positioning  the  input  and  output  tapes  are  executed  and 
all  computing. control  information  is  stored. 

Operational  Checks 

To  insure  that  the  proper  data  tapes  were  loaded,  the  data  appearing  in  the 
status  control  block  on  the  input  tape  is  read  and  compared  against  the  card 
input  specifications.  If  any  discrepancy  ocours  at  this  timu,  the  program 
is  immediately  terminated  and  the  reasons  for  termination  are  printed  out  to 
facilitate  corrective  action.  The  operational  checks  include  tape  loading, 
tape  positioning,  tape  identification,  end  data  sample  selection.  If  no 
error  is  sensed  while  performing  the  operational  checks  the  input  tupa  is  then 
posltionad  at  the  specified  start  time  of  the  selected  data  sample. 

Preliminary  Calculations  and  Tabulations 

A  specified  amount  of  data  is  read  from  the  input  tape,  parameter  adjustments 
applied,  and  gust  entranoe  conditions  and  reference  heading  angle  are  computed. 
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The  results  of  these  calculations  along  with  the  ihput  computing  information 

are  t Su'd Ittuci u.  ■ 

General  Processing  Method 

The  general  processing  scheme  was  to  read  data  from  tape  into  an  input  calcu- 
lation  table.  Data  in  this  table  was  used  in  the  subsequent  oalculationa  and 
stored  in  ah  output  buffer.  This  method  eliminated  all  data  sample  length 
restrictions  since  the  input  data  Was  processed  in  table-aiBed  bitea.  The 
procedure  Was  to  perform  input  tape  reads  at  the  specified  input  sampling 
rate  until  the  calculation  table  was  full  or  until  the  end  time  or  data 
sample  end  was  reached,  fheh  all  specified  parameter  adjustments  were 
applied  to  this  table.  If  the  end  of  the  selected  data  was  sensed  an 
appropriate  flag  was  set.  Computing  continued  in  this  manner,  selecting  data 
from  the  input  table,  performing  specified  computations,  and  Btoring  the 
answer  in  the  output  buffer.  As  the  buffers  Were  alternately  exhausted  i\ 
filled,  ihput  reads  or  sampled  output  writes  into  and  from  the  appropriate 
buffers  were  executed.  This  prucesB  continued  until  the  end  of  the  Selected 
data  sample  was  sensed.  When  this  occurred,  a  final  alt put  buffer  write  Was 
performed  and  wind  velocities  calculated  and  output.  If  more  input  data  was 
available,  the  program  returned  to  the  read  input  position.  If  no  more  input 
was  available,  all  data  tapes  were  rewound  and  unloaded  and  the  computer  run 
was  terminated. 

Computations 

The  methods  used  in  computing  aerodynamic  variables,  gust  velocity  components, 
and  wind  velocity  are  described  earlier  in  this  appendix  under  Computing 
Methods. 
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hioat  snamL  ahamsxb  program 
General 

fh«  HICAT  spectral  snalysia  program  was  designed  to  compute  the  statistical 
oherabtarist i as  of  turbulence  data  in  the  frequency  domain.  Power  spectral 
taohniques  were  programed  for  application  to  basic  measurements ,  aerodynamic 
variables*  end  gust  velocity  components  recorded  on  magnetic  tape  by  HIOAT 
data  reduction  programs. 

Basically *  the  program  may  be  implemented  to  compute  the  following  funotions  of 
the  HIOAT  aqulapaoetl  time  aeries  date 

e  Auto  correlation 
e  Power  spectrum 

The  numerical  procedures  used  in  evaluating  these  funotions  are  essentially 
the  dome  as  those  presented  in  Reference  22. 

Input  Heuiiremcnts 

The  input  data  source!  may  either  be  (l)  the  basic  measurements  recorded  on  the 
tape  generated  by  thei  HIOAT  basic  data  program  or  (2)  the  aerodynamic  variables 
Ond  gust  velocity  components  recorded  on  the  tape  generated  by  the  HIOAT  gust 
velocity  program.  Aii  data  frames  recorded  on  the  input  tape  are  read,  the 
samples  required  for  computing  the  first  spectrum  are  directed  to  a  table  in 
cere  memory  and  the  remaining  data  specified  for  processing  are  transferred  to 
random  access  magnetic  disk  storage.  Spectra  are  then  computed  until  the  data 
on  disk  is  exhausted;  whereupon  the  input  tape  is  repositioned  and  the  next 
oase  initiated. 

The  following  information  is  input  for  identl float i on  purposes  and  to  control 
the  logical  path  through  denis ion-making  events  in  the  progrsmi 

e.  Test  parameters  providing  the  necessary  identification  of  test  conditions 

e  Spectral  parameters  defining  the  many  options  available  for  computing 
spectra 

•  Run  parameters  defining  the  conditions  under  which  each  run  1b  to  be 

processed 

e  Data  parameters  defining  the  variables  for  which  a  spectrum  to  desired 
Statistical  Adjustment  of  the  Data 


After  all  samples  for  a  run  have  been  positioned  in  the  data  table,  two 
statistical  adjustments  may  be  applied  to  the  data  prior  to  spectral  computa¬ 
tions.  First,  the  linear  trend  is  removed  by  subtracting  from  each  sample,  the 
corresponding  time  points  along  the  least  squares  linear  fit  of  the  data. 
Second,  the  data  may  be  prewhibened  by  executing  the  transformation 


3 aaaasttccaffa,  -'rjmm.*  'Mimnl&'e 
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However,  due  to  the  distorting  effect  of  this  prewhitening,  the  resulting 
spectrum  must  he  compensated  by  postdarkening . 

Power  Bpeotra 

The  following. mathematical  operations  are  provided  for  the  computation  of  power 
spectra.  Let. the  samples  in  the  data  table  be  denoted  by 


=  x(qA t)  q  -  1,  2,  ...  n 


where  At  is  the  sampling  intorval  in  BecondB  and  n  is  the  number  of  data 
samples  in  the  table. 

The  autocorrelation  function  is  computed  for  (m+l)  lags  of  time  from  0  to  mAh 
seconds  by 


n  “  P 


1  V< 


p  63  0,  1,  ...  m 


The  raw  estimates  of  power  are  computed  by  evaluating  the  cosine  series  trans¬ 
form  of  the  autocorrelation  function 


where 


4A1  V  a  R  cos  h  «  0,  1,  ...  m 

A  PP  m  . 

p=G 


p  ■  0,  m 

0  <  p  <  m 


A  programming  option  is  available  for  refining  the  raw  estimates  by  hanning  or 
hamming,  i.e., 


*0  "  vc  (Lo  +  Ll> 


®h  ■  Vi, +  (“T^)  'h,-!  *  W  » ■ 2«  •  ••  "■ 
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\  ^  WC  (^1  +  K) 

where  wq,  the  central  smoothing  weight,  is  0.5  for  banning  and  0.54  for  hamming. 

If  the  estimates  were  based  on  prewhitened  data,  x  ,  the  desired  power  spectrum 
is  obtained  by  postdarkening  the  estimates  by  °~ 


2 


h 


2cob 


h  “  1,  2  . , .  m 


The  power  spectral  estimates  thus  computed  are  a  function  of  frequency  in 
cycles  per  second  defined  by 


®h  “  ®(fh  “ 


If  the  power  spectral  estimates  are  required  as  a  function  of  angular  frequency, 
w,  in  radians  per  second  or  inverse  wavelength,  l/k,  in  cycles  per  foot,  the 

estimates  are  converted  by 

•  («)  -  or  *kA>  - 

v  m 


respectively,  where  is  average  true  airspeed  in  feet  per  second. 

The  degrees  of  freedom  and  standard  rms  valueB  are  determined  for  each  power 
spectral  oase.  The  number  of  degrees  of  freedom  is  a  measure  of  the  stability 
of  the  spectral  estimates  and  is  given  by 


If  the  power  spectrum  is  requested  as  a  function  of  inverse  wavelength,  standard 
rms  deviations  are  determined  by  numerically  integrating  the  spectral  estimates 
for  various  standard  wavelengths,  thus 


<r 

s 


l/\2 

/  *(l/\)d(l/\) 

X/4l 


1/2 


where  \p  1b  the  wavelength  corresponding  to  the  cutoff  frequency  of  the  numerical 
filter  Applied  to  the  time  series  da.a  end  is  a  standard  wavelength, 
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STATISTICAL  ANALYSIS  PROGRAM 
General 

The  statistical  analysis  program  provides  capabilities  for  determining  distribu¬ 
tion  characteristics  of  time  series  data.  Two  separate  and.  distinct  methods 
are  available,  (See  Figures  102  and  103.) 

The  first  method  is  commonly  referred  to  as  the  peak  count  method.  A  peak  is 
defined  as  the  maximum  data  excursion  betw-.en  two  successive  crossings  of  & 
specified  reference  line.  This  reference  iimy  be  designated  to  be  the  mean  of 
the  dutr.  or,  where  drift  may  be  present,  to  be  the  linear  least  squares  fit  of 
the  data.  Allowances  for  the  "noise  level"  and  reading  resolution  of  the  data 
may  be  made  by  the  specification  of  a  threshold  value.  This  threshold  value 
determines  a  bandwidth  on  each  side  of  the  reference  line.  The  only  data  con¬ 
sidered  in  the  peak  determination  is  that  data  that  occurs  outuide  of  thin 
threshold.  Peak  occurrences  are  determined,  classified  within  intervals,  and 
then  counted.  Any  interval  width  may  be  specified. 

The  second  method,  the  level  crossing  ccu'.-.o,  is  concerned  with  the  interval 
levels  intersected  if  one  were  to  connect  the  discrete  points  of  the  data  time 
history.  A  threshold  is  not  used  in  this  method  but  the  definition  of  the 
reference  and  interval  width  is  maintained  exactly  as  in  the  peak  count  nwt.hod. 
In  the  region  above  the  reference  line,  only  level-crossings  with  positive 
sic-  i  are  counted.  Similarly,  in  the  region  below  the  reference  line,  only 
level  "  sings  with  negative  slopes  aro  counted. 

The  frequency  of  occurrence,  frequency  of  exceedance,  and  the  distribution 
function  of  the  count  data  are  computed.  Other  statistical  quantities  such  au 
the  mean  of  the  data,  the  rms  of  the  daiia,  and  the  ras  of  the  peakB  are  also 
calculated  and  tabulated. 

The  statistical  analysis  program  will  accept  either  the  basic  data  output  tape 
or  the  gust  velocity  output  tape.  The  basic  data  tape  is  used  as  input  pri¬ 
marily  to  take  advantage  of  an  available  option  to  calculate  and  count  derived 
equivalent  gust  velocity.  The  analysis  of  this  output  is  useful  in  determining 
the  turbulence  intensity. 

Input  Requirements 

The  data  to  be  processed  is  supplied  on  magnetic,  tape .  Operational  and  com¬ 
puting  information  is  specified  on  card  input .  Information  appearing  on  the 
card  input  is  as  follows: 
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•  Input  tape  identification 

•  Location  of  data  ca  tape,  start  and  eri  tine  of  selected  data  sample, 

parameter  selection 

«  Threshold  and  interval  specifications 
e  Computation  control  oodes,  reference  information 

Operational  Checks 

During  the  input  phase,  the  Amotions  of  program  initialization,  tape  posi¬ 
tioning,  tape  read  format  specification,  and  computing  control  definition  are 
performed,  Following  this  phase  e-d  prior  to  any  computations,  an  operational 
check  is  performed  to  ensure  that  the  proper  data  will  be  processed.  This  is 
accomplished  by  reading  the  information  appearing  in  the  status  oontrol  block 
preceding  the  selected  data  sample  on  tape  and  comparing  it  with  the  data  and 
tape  requests  as  specified  on  the  card  input.  If  any  inconsistencies  occur, 
error  comments  are  printed  and  the  run  terminated.  If  not,  the  input  tape  is 
positioned  at  the  time  specified  to  be  the  data  sample  origin. 

General  Processing  Metlu  d 

To  minimise  tape  manipulations  and  reduce  card  input  requirements,  all  data 
parameters  selected  fer  processing  are  read  from  the  input  tape  at  one  pass, 

The  first  data  parameter  requested  is  moved  directly  to  a  calculation  table. 

Any  remaining  parameters  are  stored  on  random  aooess  magnet ia  disk  storage. 

As  eaoh  parameter  is  processed  through  the  statistical  analysis  program  and 
the  results  printed,  another  parameter  is  moved  from  disk  Btorage  into  the 
calculation  table.  This  prooeSB  continues  until  all  the  selected  data  is 
processed.  If  more  card  input  is  available,  the  program  returns  to  the  read 
input  position.  If  not,  the  input  tape  is  rewound  and  the  computer  run  is 
terminated . 

Ocwnting  Reference  Determination 

The  reference  to  be  used  in  the  oounting  methods  may  be  defined  in  any  of 
three  various  methods.  The  mean  or  a  linear  least  squares  fit  of  the  data 
may  be  calculated  for  use,  or  the  coefficients  of  any  linear  fit  may  be  input. 
Onae  the  reference  line  is  determined,  data  deviations  from  this  line  are 
calculated.  The  count.;  are  performed  on  the  adjusted  data  array. 

Calculations 

Ths  rms  of  the  fitt.d  data  as  well  as  the  rnui  of  the  peaks  axe  aomputed.  The 
time  between  the  first  and  last  refarenue  orossing  and  total  number  of  peak 
occurrences  are  also  determined.  A  time  series  tabulation  of  all  peak  occur¬ 
rences  is  also  formed.  The  aoun*s  are  summed  for  corresponding  positive  and 
negative  interval  levels.  The  aounta  are  also  summed  for  corresponding  absolute 
interval  levelo  to  provide  frequency  of  occurrence,  The  frequency  of  exceedance 
is  determined  for  eaoh  level.  Tho  frequency  of  exooedonoe  is  defined  as  the 
number  of  times  that  an  absolute  interval  level  in  exceeded.  The  probability 
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APPENDIX  IV 

DERIVATION  OP  OUST  VELOCITY  EQUATIONS 


HI  CAT  OUST  VELOCITY  MEASUREMENTS 

The  determination  of  tha  gust  velocity  components  of  atmospheric  turbulence 
from  au  aircraft  flying  through  turbulence  requires  the  measurement  of  two 
quantities : 

1)  Motion  of  the  air  disturbances  relative  to  the  aircraft. 

2)  Motion  of  the  aircraft  with  respect  to  the  ground. 

In  the  HIOAT  instrumentation  system,  the  air  disturbances  relative  to  the 

aircraft  are  measured  vith  a  gust  probe;  the  aircraft  motion  with  respect  to 

the  ground  is  determined  by  an  inertial  platform. 

The  following  vector  equation  for  gust  velocity  measurement  may  be  written; 

li*o  -  U) 

where : 

UA0  ■  velocity  of  the  air  (A)  relative  to  the  ground  (0) . 

»  velocity  of  air  (A)  relative  to  the  airplane  or  gust  probe  (P). 

UpQ  ■  velocity  of  the  airplane  or  probe  (P)  relative  to  the  ground  (o). 

The  three  gust  velocity  components  are  defined  as  follows; 

UAg  ■  Vertical  gust  component  in  earth  reference  axes  measured 
n  perpendloular  to  the  horizontal  plana  along  the  flight  track 
(positive  upwards). 

U.Q  ■  Lateral  gust  component  in  earth  reference  axes  measured  in  the 
A i  horizontal  plane  perpendloular  to  the  average  grid  heading  of 
the  aircraft  over  the  duration  of  the  run  (positive  to  airor&ft 
left) . 

■  Longitudinal  gust  ''^iponsnt  In  earth  reference  axes  measured  in 
the  horizontal  plans  parallel  to  the  average  grid  heading  of  t.hi 
airoraft  over  the  duration  of  the  run  (positive  aft). 
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Gust  Probe  Measurements 

The  primary  gust  sensor  is  the  HI CAT  gust  probe.  The  probe  senses  vertical  and 
lateral  gust  velocities  by  the  changes  in  normal  force  that  are  produced  on 
small,  fixed,  wedge-shaped  vanes.  Longitudinal  gust  velocities  are  sensed  by 
the  differential  pressures  produced  on  a  very  sensitive  pitot-static  system. 

The  principle  of  the  fixed-vane  measurement  of  gust  velocity  is  illustrated 
below  for  a  vane  aligned  parallel  to  the  average  air  flow: 


where 

V_  ■  aircraft  true  velocity  {ft/sec. ) 

X 

U^p  ■  vertical  gust  component  sensed  by  probe  (ft/Bec.) 

'L 

V_  »  resultant  instantaneous  relative  wind  due  to  vertical  gUBt 
velocity  component  and  aircraft  velocity  (ft/sec.) 

da  ■  instantaneous  vane  angle-of-attach  (rad) 

■  vane  normal  force  (lb) 

hence 

UAPZ  ■  \  tW  *a 

and 

Fn  -  CN  da  q  Sy  (S) 

a 

where 

CN  *  **ano  normal  force  coefficient  per  radian  angle-of-attack 
a 

2l)l 
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q  ■  dynamic  pressure  (lb/ft  ) 

By  ■  vane  area  (ftc) 

Slnoe  Ao  la  always  very  small  (<10°) 


VT  Ac 
AX 


substituting  for  Aa  from  equation  {?.) 


(3) 


Ordinarily  the  probe  and  the  vane  will  be  subjected  to  oscillatory  accelerations 
caused  by  the  turbulence  so  that  the  vane  normal  force  measurement,  FM  ,  will 

WMa 

include  some  small  vane  inertia  force.  The  actual  aerodynamic  force,  F^, ,  due 

to  the  guet  may  be  obtained  free  of  vane  inertia  force  effects  by  computing  the 
vane  inertia  force  and  removing  it  from  the  vane  force  measurement.  Based  upon 
the  Incremental  acceleration  measurements  at  the  guBt  probe  the  vane  inertia 
force,  Fj,  is 

FI  "  "m  iaN 

where 


m  »  vane  mass 
Aa^  ■  incremental  vane  normal  acceleration  (ft/sec  ) 


The  minus  sign  indicates  that  the  inertia  force  is  in  the  opposite  direction 
from  the  acceleration.  Then 


+  F 


I 


and 


F 


N 


-  K 


I 


substituting: 
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thus  equation  (3)  becomes 


AP„ 


Vm  A  a 

Ax 


/F„  +  m  Aa..\ 

(  m,,  «  1 

v  c»a  -  sv  ) 


This  equation  may  be  expressed  entirely  in  terms  of  velocity  by  substituting 
for  q 

where 

P  V  2 
TX 


q 

p 


p  u 

■  air  density  (lb  sec  /ft  ) 


AP,, 


VT  A« 
lX 


(\,  *  ‘  N 

CN  P  VT„  SV 
a  a 


(*») 


The  lateral  component  may  be  derived  by  similar  moans  so  that 


AP„ 


VT  AB 
X 


K  *  “  ^ 

%  '  \  3v 


(5) 


when  Aa^  ■  incremental  vane  lateral  acceleration  ( ft/sec*4 ) .  ; 

Aircraft  Ground  Velocity  from  LN-3  Platform  Components  v/\  ■ 

The  platform  grid  axes  are  X'-Y'  in  the  diagram.  Airplane  axes  are-X^Y,'*  '■ 
Vy,  and  Vy,  are  the  platform  velocity  components  comprising  in  the 

horizontal  plane.  The  airplane  reference  heading  angle  is  A. 


*For  a  true  north  heading,  A  ■  0,  the  platform  Y'  axis  corresponds  to  the 
airplane  X  axis. 


2)i3 
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Hence  in  airplane  axes  in  tha  X  direction 


OUST  VELOCITY  EQUATIONS 


Vjj,  ain^  +  V^,  cosTi 
Vx,  oob^  ••  Vy,  sinA 


Vertical  Oust  Valooity  Equation 


(6) 

(7) 


In  tha  diagram  tha  probe  la  ahown  at  a  poeitive  pitch  attitude  angle,  9,  with 
reapeot  to  the  horizontal  and  with  an  inetantaneoua  angle-of-attaak,  ».  The 
inclination  with  raapect  to  tha  horizontal  of  the  instantaneous  relative  wind 
la  Y. 


The  gust  equation  in  the  vertical  plane  la: 


(0) 

(9) 


(10) 


where  the  integral,  of  the  vertical  acceleration  minus  the  acceleration  of 
gravity  ia  the  aircraft  vertical  velocity  at  the  accelerometer  location  and 
&  ia  the  vertical  velocity  increment  at  the  probe  due  to  aircraft  pitching 

velocity. 
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dividing  (l2)by  q  Skives  s 
(1 

oz  ■  a  oos  4  +  3  ain 


assuming  $  la  small 


a  +  3  $ 


■o  that  aquation  .(11)  becomes: 


•  t 

V  -  V  a  +  V  8  *  -  V  e  +  /  (az  -  g)  dt  +  8 

o  " 

If  *ero  mean  data  is  used  such  that  ia  «  a  -  o,  i9  “0-0  etc.,  then 

rt 

UA  “  VT  Aa  +  VT  A3  A0  -  VT  A8  +  J  Aaz  dt  +  Lx  A&  (13) 

Mote  that  1^  ■  0  if  the  guat  probe  accelerometer  is  used  in  place  of  platform 
acceleration. 

If  platform  acceleration  is  unavailable  it  may  be  approximated  as  follows: 


vhere 


coa  8 


vertical  acceleration  in  airplane  axeB. 


The  vertical  acceleration  components  under  rolling  conditions  may  be  computed 
in  a  similar  way  to  the  vane  vertical  lift  (equation  12).  Thus 

az  ■  (a^  cos  $  -  a^  sin  $)  cos  0 


2 

a^  ■  airplane  eg  normal  acceleration  (ft/sec  ) 

2 

aT  »  airplane  eg  lateral  acceleration  (ft/sec  ) 
L 

and  for  $  and  9  are  small 
aZ  “  "  aL  ♦ 


V 
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which  for  zero  mean  data  is  approximately 


Uz  -  Aajj  -  AaL  A* 

The  yaw  angle  corrections  have  teen  assumed  to  be  negligible  for  this  analysis . 
Lateral  OuBt  Velocity  Equation 

The  equation  for  lateral  gust  measurement  in  the  horizontal  plane  is 


n 


(14) 


The  diagram  shows  the  probe  with  a  positive  instantaneous  heading  angle  and  a 
positive  reference  heading  angle  with  respect  to  LN-3  grid  axis  Y'-Y'.  Yaw 
angle,  i|»,  and  sideslip  angle,  8,  are  also  positive  as  is  the  instantaneous 
lateral  gust  velocity. 


UAP  =  VT  ain  (B  + 


The  diagram  indicates  a  positive  gust 
should  produce  a  leftward  aircraft 
velocity  relative  to  the  ground.  This 
velocity  must  be  positive  so  that  in  the 
gust  velocity  equation 

UpQ  “  -(Vx,  coh  A  -  VY,  sin.  A) 


(15) 


U  is  determined  from  the  LN-3  platform  velocity  components  Vx,  and  V^, 
P0Y 

as  indicated  in  equation  (7).  Therefore 


Appendix  IV 


where  L*  la  the  y wring  moment  era  bstveen  the  platform  and  the  probe  so  that 
Ljj  }  la  the  lateral  velocity  Increment  at  the  probe  due  to  the  aircraft  yawing 
velocity.  Substituting  (15)  and  (l6)  Into  (lh) 

"  VT  ,in  *  ♦)  "  Vx«  ‘’G*  *  +  vy«  sin  A  +  1^  i|» 

■  (aln  0  cos  f  +  cos  0  sin  \|>)  -  V^,  cos  A  +  Vyt  sin  A  +  i} 

which  for  email  angles  becomes 

UAOY  “  VT  8  +  VT  *  "  V  COi  A  +  Vy,  sin  A  +  1^  <j)  (17) 


In  this  equation  i|»,  V^, ,  and  ,  normally  oome  from  the  platform  and  hence 

are  always  measured  In  the  horizontal  plane  in  earth  reference  axes.  However, 

0  is  measured  by  the  probe  in  lateral  airplane  axe3  as  described  by  equation  (5) 


For  aQ  accurate  measurement  of  UAQ  ,  0  should  be  measured  in  lateral  earth 


axes  lnataad  of  airplane  axes.  Hence  a  0^  proportional  to  the  vane  normal 


force  Fw  is  required  so  that  effeats  of  the  roll  angle,  must  be  considered. 


Referring  to  the  diagram  adjacent  to  equation  (lie!). 


where 


oos  i  -  FN  min  4 
•  0  a 


\  h  »  sv 


Nc 


MB, 


CN  a  a  By 
a 


dividing  by  Cjj  q  By  gives 
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Assuming  $  is  siuall, 

By  ■  6  -  a* 

so  that  equation  (IT)  becomes 

UA0y  “  \  6  "  VT  «♦  +  \  *  "  Vx,  con  A  +  Vy,  sin  A  +  L^,  * 

For  zero  mean  data,  AB  “  B  -  8,  At|i  •  <|i  -  t|i,  AV^,  «•  V^,  -  V^,,  etc.,  hence 

AUaq  *  VT  A8  -  VT  Aa  +  VT  AV>  -  AVX,  cos  A  +  Vy,  sin  A  +  A*  (l8) 

If  platform  velocities  are  unavailcble,  then  the  acceleration,  ,  may  be 
substituted  as  follows:  „ 

“ra,  -  -  f\  « 

X  o 

Since  a^  is  not  available  from  the  platform  it  must  be  computed  using  the 
measured  acceleration  at  the  eenter-of-gravity .  Note  that  now  becomes 
the  yawing  moment  arm  between  the  eg  accelerometer  and  the  probe. 


where 


Bg  cos 


ag  ■  horizontal  acceleration  perpendicular  to  the  reference  heading 
axes . 


a^  cos  +  +  Sjj  sin  ♦ 


(a^  Qos  $  +  a^  sin  4)  cos  t 


and  for  ?  and  <|i  small, 

«Y 
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which  for  zero  mean  data  is  approximately 

da^.  *>  daL  +  d$  «  da^  +  (g  +  daN)  d$ 

Thus  equation  (l8)  becomes 

A 

UAO  "  VT  da  d$  +  VT  di^  -  J  [daL  +  (g  +  da^)  A<f>  ]  dt  +  Lx  A i/j 

Y  o 

vhere  ie  now  the  yawing  moment  arm  between  the  airplane  center-of-grav ity 
and  the  gust  probe, 

Longitudinal  Oust  Velocity  Equation 

The  equation  for  the  longitudinal  gust  measurement  in  the  horizontal  plane  is 


The  diagram  shows  the  pitot  tube  at  a  slight  positive  pitch  attitude  angle 
with  respect  to  the  horizontal.  The  instantaneous  true  airspeed,  V^,  is  also 

shown  slightly  inclined  to  the  horizontal.  V,r  is  determined  from  pitot-static 

differential  pressure  measurements  and  consequently  is  relatively  unaffected  by 
small  angular  flow  changes  with  respect  to  the  tube. 

Consequently , 


Since  positive  gusts  are  directed  aft 

UpQ  =  -  [V^,  sin  A  +  Vy,  cos  A]  (from  equation  6) 
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UAG  “  VT  “  VX'  Sln  A  "  VY •’  C0S  A 
X  * 

and  for  zero  mean  data 

AVt  -  VT  -  VT,  AVX,  -  Vx,  -  Vx,, 

and 

avy,  -  Vr  -vy, 

bo  that 

UAG  "  AVT  “  AVX’  Sin  A  "  AVY'  008  A 


If  the  platform  velocity  components  are  not  available,  then  they  may  be 
approximated  by  integrating  the  acceleration  component,  a as  follows: 


where 

ay  ■  Sp,  cos  0  -  ajj  6in  9 


where 


■f 


measured  eg  longitudinal  acceleration  in  airplane  axes. 


Since  0  is  normally  very  small , 

■x  '  V  ~  ■»  6 

which  for  zero  mean  data  is  approximately 

Aajj  “  daF  -  ajj  A9  =  Aap  -  (g  +  Aajj)  A0 


(20) 


hence  equation  (20)  becomes 
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For  each  of  the  gust  velocity  equations  derived  above  an  alternate  method 
for  determining  the  incremental  aircraft  velocity  with  respect  to  the  ground 

hmm  vO  4*n>vjv%  wm")  r*{%4  +  4  »«*  V.M  n*-,  4  1  r.V.1  •*  T4»  .11  4-^ 

w  •  i  .«>«•»  **»**>*«>-•*  xt»w  |<4mu  w.  •  w.wU.  wlww  wu  imIm  >uaauwa\<  «  j,  l  uxx  o>io 

platform  angular  measurements  are  unavailable  then  the  angular  changea  must  be 
determined  by  integration  of  the  angular  rates  from  the  rate  gyros. 


e 


♦ 


* 


-  f  4  dt 

o 

-  f  i  dt 

Jo 

-  f  it 

*v-» 


WIND  VELOCITY  DET'IRMINATION 


The  average  wind  velocity,  UAn,  is  determined 

ALi 

from  the  average  true  airspeed,  VT,  and 
the  aircraft  average  ground  speed 
Up(}.  The  vector  diagram  shows  how  these 
quantities  are  related  vhen  the  average 
or  reference  heading  angle,  A ,  and  the 
average  ground  track  angle,  Z,  are  known. 


Y ' 


jl  r“< 

T  J  T 


dt 


n--  o 


i  rn 

j  J  A  dt 

n  o 


where 


PG 


time  over  which  average  is  computed,  usually  the  length  of  the 
run  (sec) . 


■Vtf  *  7Y' 


tan 


-lA' 

VY' 
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where 

V  ,  =  aircraft  average  easterly  velocity  relative  to  the  ground  from 

UN— 3  inertial  platform  (knots). 

Vy,  =  aircraft  average  northerly  Velocity  relative  to  the  ground  from 
LN-3  inertial  platform  (knots). 

then  from  the  law  of  cosines 

”ag  -  +  °P0  -  2  VT  Cp0  (8  -  A) 

n  -  100°  -  e  +  A 


where 

n 

T 

e 


■  average  wind  direction  (deg). 

“  angle  between  the  aircraft  average  velocity  vector  and 
the  wind  vector  (deg). 


Bin 


-1 


HiSL 

UAQ  tin  (Z  -  A) 


2I>3 
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